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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 QPMA? ~ 0.1198. Their contributions to the thermally-averaged annihilation
cross sections are shown to be consistent with the Fermil AT and H.E.S.S. experiments’ projected upper

bound on the annihilation cross section in the bb 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.

DOI: 10.1103/PhysRevD.106.015026

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 x 1077 c¢m? for 30 GeV DM
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and (b) spin-dependent cross sections at 2.5 x 10~ c¢m?

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 by writing renormalizable Lagrangians with heavy non-
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 e*e™ — y 4+ Ep [38-44] and ete™ — Z0 4+ E;
[45,46] channels. Sensitivity analysis for DM-quark effective
interactions at LHC have been performed [47-51] in a
model-independent way for the dominant (a) monojet +
Er, (b) mono-b jet + Er, and (c) mono-t jet + E 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 z-quarkphilic DM
particles in association with a single top quark or a pair of
t1. The CMS Collaboration recently conducted an exclusive
search analysis for the b-philic DM in reference [62]. Many
authors in the literature have explored monojet + £1 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+ £7, mono-Z, mono-#,
and 17 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 IIIC 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 p?/m3.; < 1, where p*
represents the four-momentum of the virtual mediator of
mass my.q. This facilitates the effective contact interaction
between DM and any SM third-generation heavy quark/
gluon, assuming that the mediator mass scale my.q. is of
the order of the effective theory cutoff (~A.y), 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 y and a third-generation quark y
can be written as

L™ 4 — gi(a+ bys)yn + gy (c + dys)x¢, +He. (1)

where 7 and ¢, are electrically charged scalar and vector
fields, respectively. This interaction Lagrangian facilitates
the Majorana DM-quark interaction via t-channel exchange
of the heavy 5 and/or ¢,,. Thus, expanding the propagator in
powers of p?/ ml%,[ed, 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 T [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 ~ay/x.

The phenomenological effective Lagrangian for the
heavy-quarkphilic and gluonphilic Majorana DM, y, is
written as

& & & Chrs 1y
ﬁ)e(ff = A3S O)?s + Ags OJ?PS + A4S OZS + Azs O)?Ps
cl C Cy
+ 5 Oy + 7 O, + 35 O, (2)

The Of, 0%, Of,,, and Of, representing the third-
generation quarkphilic scalar, pseudoscalar, axial-vector
and twist-2 type-1 and type 2 operators, respectively along

with Oj, 07, and O, representing the gluonphilic
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scalar, pseudoscalar, and twist-2 type-1 and type-2 oper-
ators, respectively are defined as

- ay ,
Ofs =my(7x)(qq); Oy = ;mx(xx)GﬁyGA” ;
Ofs =my(rrsx)(@rsq); Oty =—m, (i7ysx) G, G*;
O = Grursy)(a@r'rsa)s
O)?Tl = ()ﬂa”}/ )()OZU; O;?T (;(za”y )()OW,

Of, = (7io"iy)Oh; O = (zid"iey)Oh.  (3)

The second rank twist-tensor currents O}, and Oy, for the
heavy quarks and gluons respectively are given as

1
Ol =i=

_ 1
qu <D/ALJ/I./ + DvLy/t - EQ/AUDL>CIL

1 1
+lEQR <DMR7/U+DDR}/;4 _Eg/u/DR>qR (421)

Oh = [(61,/(6"), - 9 GGy (4

where D, and D, 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 (’)f}TZ 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 ¢° and vector V2
DM candidates with SM third-generation heavy quarks and
gluons. The effective scalar DM Lagrangian are given as

P Cho Cho Cpg
Leff = A2S OZ&‘; + AZS Ogﬁg A4 050 s (5)

where

¢o - (¢0¢0) ( ) 0350 -
= (Ci0"io*°)Ol,; ¢o = (¢°t6“10”¢°) (6)

Z@)GhG
¢° o

The O%y and O%"’ are the scalar and second rank twist-2
s T,

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

Cq CCI . C.(J . C(I

0 \% vV v
Ll =3Oy + B0l +— 0% +— B0},
C‘I Cho
Vav q > P
+ (9 e ngz. (7)
The heavy quarkphilic OVU’ (9“1/0 , Of/o , Of, representing
T2

the third-generation quarkphilic scalar, pseudoscalar, axial-

vector and twist-2 type-2 operators respectively and gluon-

philic @Y, O, , and (’)@0 operators corresponding to the
L)

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

Oy = (VO (V?),my(39);

VO > V() >

s

05, = B (V0 (1), GhGM:
Ofy. = (VO)""(VO)pgmq(iéysq);
09, =2 (Vope(v0) GG,
PS T
O = i€upa(VO)'i0* (VY Gr°ysa;
Oy = (V)id"i*(V,) O
0%, = (V)idtier(V,)Oh. 8

where €7° is the totally antisymmetric tensor with
(0123 _
= +1.
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
npm(?) can be calculated by solving the Boltzmann
equation

dn - el
dDM + 3Hnpym = —(Gan|Vpml) ((mpm)* = (1pp)?)s (9)
where npy, is the DM number density at thermal equilib-

rium, HO is the Hubble constant, |Upy| is relative
velocity of the DM pair and (6,,,|Upy|) is the thermal
average of the annihilation cross section [79]. It is custom-
ary to parametrize ppy = Qpmh’p., Where p, = 1.05373 x
107h%/c? GeV cm™ is the critical density of the Universe
and dimensionless / is the current Hubble constant in units
of 100 km/s/Mpc. Solving the Boltzmann equation [80]
we then get
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QPM2 _ p™ 02
Peritical
o2 (2.2 x 10720 cm3/s> (80) 1/2 (mDM/TF>
’ <5ann | ﬁDM ‘ > Geff 23 ’

(10)

where parameter x, = mpy; /T is a function of degrees of
freedom of the DM g, the effective massless degrees of
freedom g.¢ (~106.75 and 86.75 above m, and m, mass
thresholds, respectively) at freeze-out temperature 7',

45 gM 7
xp =In|a(a +2)\/—g glmDM<0ann|1]DM|> :
8 2m \/ngeff(xF)

a~O(1) and M, =122x10" GeV. (11)

The predicted DM relic density QPMAa? 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 (o|vpy|) > 2.2 x
10726 cm? s~! as a smaller thermally-averaged cross section
would render a large DM abundance which will 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 |C{yy; , /A"| in
TeV~™" (DM, = y,¢°, V°, and O; = S/PS/AV/T /T, are
derived by triggering the lone contribution from the
associated operator to fulfill the relic density QPMp? ~
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
|Chw, 0, |=1/" A 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 used MadDM [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 Egs. (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 to Majorana, real scalar
and real vector DM candidates respectively in the plane
defined by mpy;, = [Clio |7/ A
The thermally-averaged DM pair-annihilation cross sec-
tion is found to be ~2 x 1072 cm?® s~! 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, (cv) may be
expanded analytically in power series of |vpy|?> 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 A for Majorana DM scalar and
pseudoscalar operators in Figs. 1(a) and 1(b) varies
as (msm,)'/? 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 mf/ .,
(b) The s-wave contribution in the thermal averaged
annihilation cross section (cv|7,|) given in Eq. (B1c)
is proportional to m? which follows from the chirality-

conserving property of axial-vector operator [86]. The
variation of (oy|7,|) with the increasing DM mass is
found to be largely determined by the terms propor-
tional to mf{ in the converging power series expansion
as explicitly shown in Eq. (Blc). As a consequence, to
satisfy the relic density constraint, the cutoff varies
with respect to DM mass as (m,|7,])"/?, i.e., faster
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FIG. 1.

We depict relic density contours satisfying Q*h> = 0.1198 [4] and shaded cosmologically allowed regions in the plane defined

by Majorana DM mass m,, and |Cq/ g |=!/"A. The b-quarkphilic and ¢-quarkphilic Majorana DM contours in Figs. 1(a) and 1(b) are

XSPSAV.T|

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.

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 (mvo)l/ 2. In case of twist oper-
ators, the cutoff variation goes as (my)'/? for scalar
DM, while for vector DM scenario, it is d-wave
suppressed and goes as |yo|'/2(myo)3/4.

(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 (ny0)'/?,
[Ty |4 (myo)3/4, and |Dyo|'/?(my0)3/4, 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 Milky Way are especially promising
targets for DM indirect detection due to their large dark
matter content, low diffuse galactic y-ray foregrounds as
they travel the galactic distance, and lack of conventional
astrophysical y-ray production mechanisms. Their flux is
observed by the satellite-based y-ray observatory Fermi-
LAT [87], PLANCK [4], primary cosmic rays measure-
ments by AMS-02 [88,89] on the International Space
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FIG. 2. 'We depict relic density contours satisfying Q" 1?2 = 0.1198 [4] and shaded cosmologically allowed regions in the plane
defined by Majorana DM mass mg and |CZ)ﬁg |'/"A. The b-quarkphilic, #-quarkphilic and gluonphilic scalar DM contours in
S.T

Figs. 2(a)-2(c) are drawn corresponding to scalar and twist-2 type-2 operators, respectively.

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 77, where
the #(7) decays into b(b) associated with W+ (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 hb produced by DM
pair annihilation hadronize partially to neutral pions, which
then decay to photon pairs (z° — yy) 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 bb, 7, 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 (c|vpy|) 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 ~4my + my|Vpm|* + 3 mpy| Vol +
O(|ppm[®). Tt is to be noted that DM velocity |Fpy| is
roughly of the order of ~1073¢ at the center of the Galaxy
and 10~>¢ at dSphs in contrast to that of 10~!c 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 {(c|7py|) are proportional to [Ty |?
and |Upy|*, 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
10732 ecm3s™! in the galactic center and 1073¢ cm3s~!
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 (o|Upym|)
are depicted in the figures which are larger than

1072 cm3s~L.
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FIG. 3. We depict relic density contours satisfying Q"' 42 = 0.1198 [4] and shaded cosmologically allowed regions in the plane defined
by Majorana DM mass niy0 and |C %y |=1/" A. The b-quarkphilic and ¢-quarkphilic vector DM contours in Figs. 3(a) and 3(b) are drawn

S.PS,AV.T;

corresponding to scalar, pseudoscalar, axial-vector and twist-2 type-2 operators. The gluonphilic vector DM contours for Fig. 3(c) are drawn
corresponding to scalar, pseudoscalar, and twist-2 type-2 operators.

For varying mpy;, we investigate the contributions to the
thermally-averaged DM pair-annihilation cross sections into
bb, t1, and gg pairs. Using the respective Wilson coefficients
satisfying the relic density constraint for a given m, as shown
in Fig. 1, we calculate and depict the variation of cosmo-
logical bound on the thermally-averaged Majorana DM pair-
annihilation cross sections with Majorana DM mass for
7 — bb and yy— 17 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 (1 —I—%%WZP +--+) in Eq. (Blc),
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 DM masses in Figs. 4(a) and 4(b)
is responsible for the negative slope of the (o]7,]).

In case of the twist-2 type-1 operator the suppression due
to increment in the cosmological upper bound on A is

compensated with the increment in the DM mass alone.
The negligible contributions from the heavy-quarkphilic
scalar OF, operator given in Eq. (Bla) is attributed to the
chiral suppression along with DM velocity dependence
while gluonphilic scalar O, pseudoscalar Oy, and twist-
2 type-1 (’);’?T1 operators given in Eqgs. (B2a)—(B2c) respec-
tively are p-wave suppressed (107> ¢cm?s~!) and hence
not shown in the graph.

Similarly, we plot the variation of the cosmological
bound of the thermally-averaged DM annihilation cross
section (¢°¢° — bb/17/gg) with scalar DM mass mgp in
Fig. 5. The (o|v[) induced by the heavy-quarkphilic
twist-2 type-2 operator (’);(; given in (B3b) is chirally

2

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 ov* 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
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FIG. 4. Figures 4(a) and 4(b) depict the thermally-averaged cross sections for Majorana DM pair annihilation into b5 and f7 pairs,
respectively. The contributions from pseudoscalar, axial-vector, and twist-2 type-1 operators in both the panels are evaluated using
values for |C§PS_AV_TI /A"| satisfying Q*h? = 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 FermiLLAT [15] as well as

H.E.S.S. [17] are excluded.

L

01 .2 4 6 81012141618 2

<ov(9°P° > bb)>incm3s?! -

Scalar DM Mass mgo in TeV -
(@)

3 1022
E 10-23
— 1024
1025
f 10-26
N 10-27
N 10-28
] 10-29

— 1024

T T T T T I T

- og' o, —— t-quark-philic{ 1023

™ C 0 - 4

g L T FermiLAT (b b)

c

3

< E HES.s (b5; 1025

?O- E

> -26

: \\\\\w 10
2 8 1012141618 2

Scalar DM Mass mgo in TeV -

ULRLLLL B R AL

gluon-philic

FermiLAT (b b) 7

HEss. (p

<ov($°¢? 5gg)>incm3st -

| 1023
4 10-24

; 10-25

_TORS

1026

01 .2 4 6 81012141618 2

Scalar DM Mass mgo inTeV -

(©

(b)

FIG. 5. Figures 5(a)-5(c) depict the thermally-averaged cross sections for real scalar DM pair annihilation into bb, 77, and gg pairs,
respectively. The contributions from scalar and twist-2 type-2 operators in the panels are evaluated using their respective values for

|C;‘09 /A"| satisfying Q" h? = 0.1198 £ 0.0012 [4] as shown in Fig. 2 and hence, the unshaded regions above the respective curves are
5.1,

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

excluded.
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FIG. 6. Figures 6(a)-6(c) depict the thermally averaged cross sections for real vector DM pair annihilation into bb, #7, and gg pairs,
respectively. The contributions from scalar and pseudoscalar operators in the panels are evaluated using their respective values for

|C61,9

0
VS/PS

/A" satisfying Q""h? = 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 FermiL AT [15] as well as H.E.S.S. [17] are

excluded.

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 (o|v|) from the heavy-quarkphilic and
gluonphilic scalar operators which are of the order of
~10726 cm3 57!,

O 4 ()

X(p2)

X (a1)

Direct Diagram

X(p1)

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 7-quarkphilic DM interacts with the
constituent gluons via a loop, as shown in Fig. 7.

S 02 ()

X(p2)

\gf(ql)

Exchange Diagram

x(p1)

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 my of the heavy quarks running
in the loop and the QCD coupling strength a, characterize
the loop amplitudes. We derive the phenomenological
effective DM gluon-interaction Lagrangians given in
(Cla)~(Clc) 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
Egs. (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

o 81 1 TeVI]S[ my 2] uny |*[as(A)]?
Os —(¢4,)?
81z A 1 GeV| [1GeV] [a,(u)
x [I¥1 Y517 (3.9 x 10746) em?, (12a)
N 161 1TeV HUN 2 o (A) 2
q C X s
A= 5 sl 6
75GeV S 1 14 wy m ]2
AN T
[ [ i ey z o2

}SNS’ (4.13x1077) cm

e 2(Cq P 1 TeV 8Tag(A)]2[ My M, 12
o = —
T g Ax 1 GeV| |100 GeV

x (1.98 x 10743) (12¢)
4 I(Cq 1 TeV]4[100 GeV|2[ my ]2
TP U N mp | [1GeV
[y Pla?
1GeV| |a,(u)
< [IF P16l (3.9 x 1074) em?, (13a)

L R 1 TeV]8 [a,(A)]2[ mponw 12
C
n =5,V [ A iz | |1 Gev

M e 2 My 2 A2 2
X In( —
100 GeV| |1 GeV mZQ

x |g(2; A)[*(1.98 x 10748) cm?,

(13b)

qVON 4 1 |:1 TCV:| 4 |:100 GCV:| 2

e
% =334 2) A My

[y [ P[]
1 GeV] |1 GeV| |a,(u)
X PG R(3.9 x 1074) e,
quoN _21 Cq )2 1 TeV]4 Hnyo 2 aS(A) 2
AV 9 ' Viv A 1 GeV] |a,(u)
175 GeV GeV]4 1%, 2 |(}| 4
10 MeV
J+1
A g2
[ r 2]

q=u,d,s
x SySh(4.13 x 1077) cm?,

(14a)

(14b)

Vo 1 1 TeV]8[a,(A)]?
N g 2 s
GTZ - 677,' (CV(;_Z) |: A :| |: 471_ :|

« | Hvon oMy 1P my ]2
1 GeV] [100 GeV] [1 GeV

[m(f)ﬁg(z A)? x (1.98 x 107*) cm?,

0

(14c)

where piypm = (mympy)/(my + mpy) s the reduced
mass for the respective DM-nucleon system and the scale
uis taken to be Z°-boson mass. For the computation of scale-
dependent a,(u), ay(A), and g(x; A), we access CTEQ611
[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 «,, 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 Egs. (12c), (13b), and (14c) result from the
explicit momentum dependence in the twist-2 operator
interaction Lagrangian given in Egs. (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 Egs. (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 Egs. (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
Egs. (15a)—(15b), (16a)—(16b), and (17a)-(17b), respec-
tively as

g 181y [1TVIST my T2y ]2
S 81 7 * A 100 GeV| |1 GeV

2lag(A)]2 _
X [lﬂgg\/} [Z‘S((H))} IfAG1? % (3.9 x 1078) em?,

(15a)

v 91 1TeV]8[ m 20 my 12T uny, 12
& =22(C9 )2 X N X
i Sn( ) A 100GeV| [1GeV| |1GeV

x|g(2;1p) > % (3.9x107#) cm?, (15b)
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FIG. 8. Figures 8(a)-8(c) depict the spin-independent b-quark, z-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 |C§;.fJTI JA"|

satisfying Q*h> = 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-I1T [6] and PandaX-4T [8] are excluded.
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voN 3 1 TeV]? a(A) 2
g _ - C!/ 2 S
T 3275( V(;‘z) { A } [ Ar }
o [ A 2T myo 2] my ]2
1 GeV| |100 GeV| |1 GeV

x |g(2; up)[*(3.9 x 107%) cm?. (17b)

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 ?-
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 QPMA? = 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.

T T T T I 3
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Each panel in Figs. 8-10 also display the central values
of the spin-independent cross sections for a given DM mass
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 Egs. (Cla) and (Clc)
respectively. Due to the entangled momentum dependency
of the cross section inside the velocity integral in the
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FIG. 9. Figures 9(a)-9(c) depict the spin-independent b-quark, 7-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 \CZ)‘O" /A"
5.1y

satisfying Q"' 1?2 = 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-I1T [6] and PandaX-4T [8] are excluded.
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FIG. 10. Figures 10(a)-10(c) depict the spin-independent b-quark, 7-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

|C49 /A" satisfying Q"'h? = 0.1198 + 0.0012 [4] as shown in Fig. 3 and hence, regions above the solid curves are cosmologically

0
VS.T

allowed. Regions above the experimental limits obtained from XENON-IT [6] and PandaX-4T [8] are excluded.

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 mpy; less than 1 TeV.

1. Nuclear recoil spectrum

For a fixed target detector exposure €7 and target nucleus
mass my,.., the differential nuclear recoil event rate with
respect to nuclear recoil energy dR,,./dE, corresponding
to the DM-nucleon scattering cross section oy and DM
velocity |9] is given as

dR €rpPo [Tesc N N do N
e _ [ s g7 di
T MpucMDPM J 3], r
€rppm ONA> R AL o\ B
- Fan)P [ s e
2mpy py I 1%} min [ Upm| 71

(18)

where F(|g|r,) is the Helm form factor taking account
of the nonvanishing finite size of the nucleus [104]. Here
r, = 1.2 x A'/3 is the effective radius of the nucleus with
atomic mass A and |g| is the momentum transfer corre-
sponding to the recoil energy E,. Following Ref. [105], the
velocity integral for normalized Maxwellian DM velocity
distribution is solved as

/Ullnaxf(|f|)d35:/vcsc i—)e_[(‘17+1:»£|)/‘1—»0‘]2d317
|E|mm |/l}| mnuLEr/(zﬂﬁuc> 1}|
1
— = f _
2|1)E|er (’7 77+)
_m (7]+ - ’I—)e—[Wescl/\%Hz , where
(19a)
ne = min V mnucEr/(Eﬂ%uc) + |7_}E| , |1jfsc| and
|70 Vo
e = DM (19b)

mpm + Mpyye
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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, #-quark and gluon in all the three panels are evaluated
using their respective values for [Cy /A", |CZ);)9 /A"| and |CTY /A"| satisfying QPMA? = 0.1198 +0.0012 [4] as shown in
5.7, 5T,

Figs. 1-3, respectively and hence, regions above the solid curves are cosmologically allowed. The shaded region is excluded from

XENON-1T data.

For numerical computation we have taken the Earth’s
velocity relative to the Galactic frame to be |vz|=232km/s,
|Ug| = 220 km/s and the escape velocity || =544 km/s.
Further, in order to incorporate the detector-based effects,
the nucleus recoil event rate dR,,./dE, is convoluted with
the detector efficiency [6]. Integrating over the recoil
energy from Ey ~4.9 KeV to the maximum E,,, 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 QPMA? = 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 the XENON-
IT experiment [6] is then compared with the theoretical
predictions for the event rate with fixed Wilson coefficients in
each panel of Figs. 11(a)-11(c). We find that the XENON-1T
experiment rules out the contributions of b-quarkphilic and
gluonphilic Majorana DM scalar interactions for m, < 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 mpy; > 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,
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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 |Chy . /A”| in TeV™" (11 for Majorana
DM, six for scalar DM and 11 for vector DM) satisfying the
relic density constraint QPMh? ~ 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
bb, t, and gg channels are found to be consistent when
compared with the upper limits of the bb-annihilation cross
sections obtained from FermiLLAT [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-IT [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

E — T T T T T T 3 10
'> L o
P 1 107
£ F ]
c |
< 3 5 100
;2 E n=4; oyxs =3 ]
O | n=3; Obxs | s
— [ n=3; Otxs [ ] T
h T R T N 10
2 4 6 .8 10121416 18 2

Majorana DM Mass my in TeV -

(@)

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 < mpy £2 TeV, while the upper limits on spin-
independent scattering cross sections obtained in the
XENON-IT 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, #-quarkphilic, and
gluonphilic Majorana DM scalar operators are found
to be viable solutions for m, > 1.8 TeV, 200 GeV, and
1.25 TeV, respectively, as shown in Fig. 12(a). The
contributions of b-quarkphilic, #-quarkphilic, and
gluonphilic twist-2 type-1 Majorana DM operators
shown in Fig. 12(b) have been validated for a much
wider spectrum of m, > 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 mgy > 350 GeV, 200 GeV, and
350 GeV, respectively. The corresponding contribu-
tions induced by twist-2 type-2 DM operators are
validated for My > 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 myo > 350 GeV, 180 GeV, and

3 10
Tk I I Tv»llist-i Typle-1 (.‘*pere{torsI E
T F 4 10°
> 5 3
2 <4 102
£ 1 10!
— 0SS0 IR =
< E KD 0.0.0.0.0.0.0.0.0.0.‘.0 X
< E BRI 4 100
-~ C X X
- -1
X 2 10
b D
> 2 102

2 4 6 81012141618 2

Majorana DM Mass my in TeV -

(b)

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, 7-quark, and gluonphilic Majorana DM, respectively.
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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, 7-quark and gluonphilic scalar DM, respectively.

1 102
10°
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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.

350 GeV, respectively. The corresponding contribu-
tions induced by twist-2 type-2 DM operators are
validated for myo > 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
mpym > 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 y to a pair of third-generation heavy quarks induced by
the scalar, pseudoscalar, axial-vector, and twist-2 type-1
operators are given as

. cl1* 1
os(xx = ff) =Ca [A—g] 6P (Al
. c.’ 1
ops(x¥ = ff) =Ca [ XBPS} Em]%% s, (Alb)
X
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- clJ1 1
onvlez = 1) = Co Zat | 1320 =4l +x)

+ 28x,x/] & s,
By

(Alc)

S 12
or,(x = ff) =C, [%] 961() [4x7(92x7 + 9x, — 8)
+ 3x}((12xf +9x; +2)
— 323 + 6x; + 8] L Pr g (Ald)
B
where C, = 3, x; = m?/s, and ; = /T —4x;.

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

= C)g(s 2 1 A 2 2 2
os(xx = 99) =C Cf — ) myp,s*,  (A2a)

4z \ x

_ Chs|?> 1 [a
ops(X¥ = 99) = Cacf [ X4] B <—) m}(ﬂ){ 5%, (A2b)

_ C;?T, 21 8 ,
or,(xx = 99)=C.Cy gom | 1435 ) B, (A2¢)
where C; = 4/3.
The annihilation cross sections of a pair of real spin 0
DM ¢° to a pair of third-generation heavy quarks induced
by the scalar and twist-2 type-2 operators are given as

_ Cl 12 1 3
(@0 = 17) =[] 5o (A3)
AN B
or,(9°¢° — ff) =C, Tz} 2407tﬁ¢ 5°[2x5(23x; + 8)

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

Cul® fa\22 1
as(¢°#’ — g9) = C Cf[AQ} ( > hy " (Ada)
Ch1?
or, (#°¢° > g9) =C Cf{ A ] @ﬂzo $3. (A4b)

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

f 2
0y/0 7 CV? o, 1
Gs(v 1% —)ff) :Ca A2 mmf%[l —4XV0
ﬁ3
12x2,] =L | A5
+ XVO],BVO ( a)
Cf
— %4
UPS(VOVO - ff) _Ca[ AZS] 9 mfﬂfﬁvos ) (AS5b)
VOV o 17 =, [V a L4+ 1))
AV Y A 273xye T Ay
+ 28xyox/|f Py s, (ASc)
01,0 7 C{/p‘ 2 1
T
O-Tz(v 4 ﬁff)zca[[\zt] 86407[}6%/0 [<1+6xV0)
X (1=dxyo +12x3,) 15365057, (ASd)

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

given as
Cc?12 2
Vo 1 (o 1
as(VOV0 = gg) = Cacf[Az] 182 (;) 2

VO
x [1 —4xyo + 12x o] — (A6a)
ﬂv
CJ 1
aps(VOV? = g9) =C Cf{ } RPAL s, (A6b)
Cg 2
vy 1 1
voyo =CCsl—3| =
GTZ( - gg) a“f |: A4 21607[)6%/0
X [1 = 4xpo + 12x%,0] ?/0 s. (A6c)

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 |Upy, — Upm,| = |7pm| and
the dimensionless ratio &; = m7/mpy.

The thermal average of the heavy-quarkphilic Majorana
DM pair-annihilation cross sections given in Eqs. (Ala)—
(A1d) corresponding to scalar and pseudoscalar operators,
respectively are given as
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<,

st = DI = o[ 8] omimi - i

% 1
8

(ops (v —>ff)| |>

mim; (l—éf)'/z[ —I—lg—f 1|2]'

(Bla)

STog, (B1b)

The axial-vector contribution is analytically expanded in terms of two independently converging series expansions in terms

of |7,|* and given as

(oavirr — ff)| |>

¢, C;{AV 1
27

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

{or, G = FHIT,D)

AR
— e[S s -greey

[ 156 —41&— 88 + 11&
x 14—
48 (1-&)2+¢)

ar|. mi)

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

(ostar = a0l =, || (%) Zmglrp. (B2a
(ot = a0l =C.y | 2| (%) 2l . (620
ontex~ sl =ce, [ | i (820

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

1’y
(050" = 7T = Co| 5] (1 =g

mi(1=¢&)? {1 +—

C)};AV i _ 1/2 1 2 1 1 4 .
(=28 +23¢;)
2
—I—mf{l—l-24 -

: ( 72—48§f+53§f) R
2 : 44 ...

1 8!

'y .

24 1-¢ (Blc)

(o7,(0°¢° = f)Tpl) =

2
1o,y 3/2
A —mfmq,]o(l - &)

47
1 10—
x [1 + 5f|5¢0|2}
(B3b)

24 1-¢

Similarly, the thermal average of heavy-quarkphilic
scalar DM pair annihilation cross sections displayed in
Eqgs. (A4a) and (A4b) are given as

Cyl’ a\216
(0500 = a0l =C.; | 4] (%) g, (Baw
%12
(or. @ = a0)lTp) = C.Cs| 2| (il
(B4b)

The thermal average of the vector DM pair-annihilation
cross sections given in Egs. (A5a)—(A5d) corresponding to
the scalar, pseudoscalar, axial-vector, and twist-2 type-2
operators, respectively are given as

; Cr1’ 1
(os(VOVO = £1)|50]) =C, [A—‘;S] 3—m}(1_5f)3/2
{1+ 1 2+7¢&

24 1-¢;

f|. @s0)

(ops(VOVO = f])[¥yl]) =

S
Cha1” 16
C, A 9—mfmvo|vvo|

(B5b)
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<0AV(VOVO - fj_c)‘ﬁv"’)

1’y
V -
=Ca[ } = m2(1 = &) [i2,

2| on (B5c¢)
'y 2
(o7, (VOVO = fP)Fal) = Co | —2| S (1 - )32
T, V a A4 90 f
X |:1 +%(§f:| |17V0|4 (BSd)

Similarly, the thermal average of the vector DM pair
annihilation to gluon channels as displayed in Egs. (A6a)—
(Ao6c) corresponding to the scalar, pseudoscalar, and twist-2
currents, respectively, are given as

(o5(VOV? - gg)|Vyol)
_cc Cl’ (a,\2 16
""A2| \z) 3z

(ops (VOVO = gg)[ o)

WP+WM}(%@

Cn1? (o) 264
c?,
(7. (VOVO = gg)liyol) = C.C m23_ 15y0]
T, 99 Vo f 45 VO Vol -
(B6ce)

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

L99 C)?s as (72)(G%) (Ga)aﬁ’ 199
eff = A3 47 4 ap s
C)?AV ®s a a\ap 9!1
A2 4 e )(O(W )()(G ) (G ) 41

C;?T] a, |4 A? v
+ e [3111 <sz>] (zid*y"x) O, (Cla)

q
L9999 _ C‘f’(s) as
eff AZ Ar

c, 2
o |4 A
2 7s ~1 0 v 40 91/ 1
+— 471_[3 n( Q)}((]ﬁ i"i*¢°)O05,, (Clb)

EP)(G) G 1

l]
VOV, g _
L
eff AZ 4 g

q
CV

A2 47:

c? 5
Vi, ag |4 A
== VOYPigtior (VO O9,.
A? 47r[3n<mg>]( yiotio( ) s

& (VOp(V0),(G)(G) I

4 & Oy (10) (G)B(GE),441%,

+

(Clc)

The dimensionless one-loop integrals 1%, I5%,, and I%’
are defined as

g [ [
1——7xy

—X [—
I/gfv—/ dx/ dyx Sl
1——230’

where the square of the four-momentum transferred ¢> ~
2myE, (E, < 100 KeV is the recoil energy of the nucleon).
mg and my are the concerned heavy quark mass (m,,/m,)
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 f%; ~.923 is extracted in
terms of light quarks as [106-108]

(C2a)

(C2b)

1 9a
N — a/} o
fro == NG GoGlIN) = 1= > fF,
q=u,d,s
=1- 3 <N|ﬁ< )IN) (C3)
q=ud,s my

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

1
<N|Ga/;GZﬁ|N> = myim Z —AM: where
q=u.d.s

_ [1 1 1]_1
= |—t—t— .
m, mgy myg
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The axial-vector current (N|gy*y>q|N) = ZAS]N)S” speci-
fies the coefficient A,SN) as the spin content of the nucleon’s
quark ¢g. The coefficients for light quarks satisfy
AP =AW AP = AP and AP = A, 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

1 1
(NIOIN) = == = m | (2.

1
where ¢(2; ug) :/ xg(x; pg)dx. (C5)
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