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A dark matter (DM) having feeble interaction with the visible sector can thermalize via substantial
interaction with a weakly interacting massive particle (WIMP). Such DM candidates can be categorized as
pseudofeebly interacting massive particles (pFIMPs). pFIMPs have both direct and indirect search
prospects via a WIMP loop. This work focuses on such possibilities. We provide all such one loop graphs
stemming from pFIMP-WIMP interactions involving scalar, fermion, and vector boson particles, assuming
both of them are stabilized via Z, ® Z), symmetries. We elaborate upon a model where a fermionic WIMP
has a significant Yukawa interaction with a scalar pFIMP with negligible Higgs portal coupling. We study,
in detail, the loop induced direct and indirect search prospects of the pFIMP in the relic density allowed
region of the model along with collider expectations at the LHC.
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I. INTRODUCTION

Particle dark matter (DM) has long been studied as it
caters to most of the astrophysical and cosmological
observations in a consistent manner. Apart from the
electromagnetic charge neutrality and stability over the
scale of the Universe’s lifetime, there are not many unique
characteristics that can be assigned to a DM particle. There
emerges many possibilities for how it saturates the obser-
ved relic density, given by the Planck data (Qpyh’> =
0.1200 4 0.0012 [1]). In one class of models, the DM
remains in equilibrium with the thermal bath due to sizeable
interaction with the visible sector. Then it freezes out as the
Universe expands and cools down. If the depletion occurs
via 2pyv — 2gMm process, then the annihilation cross section
required for the DM to attain correct relic density is of the
order of electroweak interaction (~107'° GeV~2). Hence,
such particles are dubbed as weakly interacting massive
particles (WIMPs) [2,3]. In some cases the number chang-
ing processes are governed mainly within the dark sector via
3pM = 2pMm Or 4pm — 2pm processes; the annihilation
cross section is then required to be much larger to adjust
the additional phase space suppression and such a class of
DM particles are called strongly interacting massive
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particles (SIMPs) [4]. The other possibility is to assume
the DM having a feeble interaction with the visible sector, so
that it remains out of equilibrium and gets produced via
decay or annihilation of thermal bath particles and saturates
when the temperature drops below the DM mass. Such
particles are called feebly interacting massive particles
(FIMPs) [5]. Several other possibilities like self-interacting
DM [6,7], cannibal DM [8], etc. have also been ideated. Our
discussion here will be centered around WIMPs and FIMPs
that arise in extension of the Standard Model (SM).

DM detectability is also quite different for these class of
particles. WIMPs having sizeable interaction with the SM
and can provide a nuclear/electron recoil signal in direct DM
search experiments like XENON [9-12], PandaX [13,14],
LUX-ZEPLIN [15], etc., although not found yet. Similar
signals for a FIMP or a SIMP are often difficult due to
the small interaction with the SM. Collider search for DM
has been studied extensively, where the DM after being
produced, carries away missing momentum or energy in the
presence of visible leptons, photons, or jets, both at the
LHC [16-24] and international linear collider [25-31].
Again, WIMPs have the best bet to provide such signals
[3,32], while the disappearing charge track or displaced
vertex signal can sometimes indicate the presence of
FIMPs, see for example, [33]. However, null observation
in both direct and collider searches put bounds on the
available DM parameter space. Apart from these terrestrial
DM search experiments, indirect search for DM stemming
from its annihilation into photon [34,35], antiproton [36-39],
or positron [40—42] via their excess fluxes in the center of
galaxies have been studied. Again, FIMP/SIMP types of
DMs are difficult to probe via indirect search as well.
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A dark sector consisting of more than one DM compo-
nent is the focus of the current paper. Two-component
DM models are proposed in various contexts [43—46] and
have been extensively studied [47—49]. They provide many
new features, a crucial one being the issue of DM-DM
interaction or conversion. WIMP-WIMP models show
features like modified freeze-out, modified direct search
prospects [46], and double bump distribution in the missing
energy signal at the collider [50,51]. A recent study shows
that the interaction between two FIMPs can cater to struc-
ture formation issues [52]. In WIMP-FIMP models, the
conversion process helps in FIMP production from the
WIMP, but does not affect the WIMP phenomenology
when the interaction is feeble. When the interaction is of the
weak interaction strength, it brings the FIMP to thermal bath,
as shown in [53]; it is then called pseudo-FIMP or pFIMP.
pFIMPs always rely on the conversion process for their
freeze-out, and this makes them distinct from the WIMPs.
Some pFIMP scenarios have been studied in [46-48],
without detailing on the potential characteristics or phenom-
enological consequences.

We study here a two component DM model with one
scalar and one fermion. The scalar sector consists of a
singlet and is assumed to be the pFIMP component. The
fermion sector consists of a vectorlike doublet and a singlet,
where the lightest state after mixing via electroweak
symmetry breaking (EWSB) serves as the WIMP compo-
nent having gauge interaction with the visible sector.'
|
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In the above and also in the rest of the draft,
M, = 1.22091 x 10" GeV represents Planck mass, g}, =~
¢, ~ 106.7 denotes effective massless degrees of freedom,
and subscripts 1(2) denote WIMP(pFIMP). The interaction
channels which govern the freeze-out/freeze-in of the DM
components are:

(i) (ov),,_gm: annihilation/depletion of the WIMP to

the SM states.

(i) (ov);;2: conversion of the WIMP to the FIMP

(pFIMP) or vice versa.
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'The minimal version of such a framework appears in [46],
where the fermion DM acts as the pFIMP, while the scalar acts as
the WIMP. However, the model is ruled out by the present direct
search bound.
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The possibility of bringing the fermion pFIMP under the
direct search scanner via WIMP loop has been studied here
in detail with some discussions on the indirect search
prospects.

The paper is organized as follows. In Sec. II, we present a
general discussion on the WIMP-pFIMP scenario and
possible interactions between the WIMP and pFIMP that
can give rise to the pFIMP detection prospect. In Sec. III,
we discuss a model example in WIMP-pFIMP limit. The
DM phenomenology, including relic density, direct (indi-
rect), and collider detection prospects, are discussed in
Sec. IV. In Sec. V, we summarize and conclude. Several
appendices provide the details of the relevant calculations.

II. WIMP-PFIMP ENSEMBLE

A DM having feeble interaction with the SM can still
thermalize via sizeable interaction with a WIMP and is
called a pFIMP as demonstrated in [53]. We first provide a
short account of this set up and the resulting behavior of
the pFIMP.

A. Generic pFIMP characteristics

Most of the pFIMP characteristics can be described in a
model independent way where the freeze-out pattern of
both the WIMP and pFIMP are governed via a generic
coupled Boltzmann equation (cBEQ),
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(1)

(iil) (ov)gpM_an: production of the FIMP (pFIMP) from
the thermal (SM) bath.
(iv) (Tsmo2): decay of the bath particles to the
FIMP (pFIMP).
We note here that the cBEQ as shown in Eq. (1) describes
the WIMP-WIMP, or WIMP-FIMP, or FIMP-FIMP
case for different strengths of the DM-SM interact-
ions;  (60)wimp ~ 10710 GeV™2,  whereas  (60)ppp~
10720 GeV~2. The other distinction lies in the initial
conditions, for WIMP: y,|,.o = Y} ~ x*2¢~*, while for
FIMP: vy;|,.o = 0. The pFIMP solution for DM, from the
above cBEQ is obtained when

(6V)sMo22 K (V) 11200 ~ (00) 1) _sm ~ 10710 GeV 2,
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We further note the discrepancy of a factor of 2 in Eq. (1),
stemming from the symmetry factor in identical particle
production for 2 as in the BEQ for y,, while that is absent in
annihilation of 1 as for y;.

We would like to mention that the production of the
pFIMP can occur from the decay of some heavy thermal
bath particle. But for the pFIMP condition above to be met,
the decay has to be suppressed as well (i.e., (I'sy_22) ~
nsu (00) sm—22)-

We further note that the ¢cBEQ is written in terms of
yields yy, = "%f, where s refers to the entropy density (per
comoving volume) as

272 T:\3
=T an)=3 (7 ) o -m).

(2)

Here k runs over all particles, T is the temperature of
particle k, g, is its number of internal degrees of freedom,
and C, = 1(7/8) when k is a boson(fermion). We also
define the Hubble parameter as

H(T) = 1.66 gi;{zl; (3)
P

=)

i=bosons

gu(T) = v > a() @

i=fermions

We will assume the relativistic degrees of freedom (d.o.f.)
;"' ~106.7 to be approximately constant as the temper-
ature during which the FIMP freezes in or the WIMP
freezes out is rather high. Further, since the two DMs with
different masses m; , are involved, we define a common
variable x = u,/T, where uj, = mym,/(m; + m,) is the
reduced mass of the system. This is possible as both
the pFIMP and WIMP share the same temperature. With
the redefined x we can write the equilibrium yield [2] as

45 g \2 .
Y (x) = —54%1 (ﬂx> K (ﬂx) (5)
4z* g5 \H12 H12

The expressions of thermal average of annihilation cross
section is given by

( > 1 1
oVy2) =
R
X /oo o(s)(s—(my +my)?)\/sK, <£> ds,
(my+mjy)? T
(6)
where vy, = (1/(E\E>))\/(p1.p2)> —mim3  denotes

Mollar velocity, s denotes center-of-mass energy, and

my 5, Ey 5, p1, denote annihilating DM masses, energy,
and momentum, respectively. K;’s denote the modified
Bessel functions of second kind, of order i. We further note
that the conversion from one DM species to the other are
related by

(6V) 1120 = (6V) 21 (;—?)2. (7)

This indicates that when the WIMP is heavier than the
pFIMP, i.e., m; > m, (hierarchy 1), WIMP to pFIMP
conversion is kinematically allowed, while the reverse
process is Boltzmann suppressed by a factor ~e 2"
om denoting the mass difference between the DMs. It is
the other way around for m, > m; (hierarchy 2). This
feature helps to distinguish the mass hierarchies in the
pFIMP-WIMP model. The key features of pFIMP freeze-
out are discussed in detail in [53], a summary of which is as
follows:

(i) pFIMP freezes out together or before the WIMP, so
the relic density of the pFIMP is always larger than
the WIMP partner.” When the conversion cross
section is of similar order to that of WIMP annihi-
lation to the SM, both the pFIMP and WIMP share
similar relic densities.

(i1)) When the conversion rate is higher than the WIMP
annihilation, the freeze-out and resultant relic den-
sity of the pFIMP remains constant in hierarchy 1,
while the WIMP relic density becomes much
smaller. In hierarchy 2, this is exactly the other
way around. With larger conversion, the WIMP relic
remains constant and the pFIMP relic drops sharply.

(iii) The mass splitting between the WIMP and pFIMP
needs to be small (6m ~ 10 GeV, for mpy~
100 GeV) for achieving relic density and direct
search allowed parameter space, unless we have
resonance, coannihilation, semiannihilation, or some
other special features of the conversion process.

B. pFIMP-SM interactions via WIMP loop

pFIMPs having feeble tree level interactions with the SM
can interact via the WIMP loop. Such one loop interaction
vertices are shown in Fig. 1. Here pFIMPs (on the right) are
shown by black lines, WIMPs (in the loop) are denoted by
red lines, SM particles (on the left of the interaction vertex)
are shown by grey lines. As pFIMPs and WIMPs are
stabilized by separate symmetries, the bath particles which
complete the loop, as denoted by the teal color lines,
transform suitably under both the symmetries. The dashed,
solid, and wavy lines indicate scalar, fermion, and vector
bosons for WIMPs (pFIMPs) and the vertices conserve
spin, which in turn fixes the SM portal (Z, h).

“Recall that for thermal DM QA2 ~ 1/(ov).
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Feynman diagrams (a-r) showing pFIMP (on the right denoted by black lines) interaction with the SM (Z, h) particles (on

the left denoted by grey color lines) via WIMPs (in red) and heavy thermal bath particles (in teal color) in the loop. All possible
interaction vertices having scalar (dashed), fermion (solid), and vector boson (wavy lines) WIMPs and pFIMPs transforming under

Z, ® Z), symmetries as in Table I have been considered.

In Table I, we have shown all possible renormalizable
interactions between WIMPs and pFIMPs in a two com-
ponent DM scenario stabilized by Z, ® Z) symmetry for
all combinations of scalar, fermion, and vector boson
particles. These vertices generate the diagrams shown in
Fig. 1. WIMPs are odd under Z, and even under Z/, while
pFIMPs are odd under Z), and even under Z,. Particles
denoted by prime (y'.y’,¢'.X)) are odd under both
75 Q@ Z’z, which connect WIMP and pFIMP states as
shown by the teal color lines in Fig. 1. This list excludes
dark sector particles having nontrivial SM charges, more
complicated spin configurations and higher order operators
having mass dimension larger than 4. A short account of
these models and their interactions are as follows:

(1) Figures 1(a)-1(c) correspond to the scenarios

where both the WIMPs and pFIMPs are scalars.
In Figs. 1(b) and 1(c), DMs are further connected by
an extra heavy scalar (vector) bath particle shown in
teal color. Corresponding WIMP-pFIMP inter-
actions that generate these graphs are mentioned
in Table I. For Fig. 1(c), other interaction terms apart

(i)

(iii)

@iv)

095031-4

from (0"¢)®X;, like (0/X),)p®P or (0"®P)pX, are
also possible.

Figures 1(d)-1(f) depict scalar WIMPs and vector
boson pFIMPs. Figures 1(e) [1(f)] requires a heavy
scalar (vector boson) bath particle connecting them.
See Table I for corresponding interaction terms. For
Fig. 1(e), other terms like ¢(9,V*)¢', pV*(0,¢') are
also possible apart from (9,¢)V#¢' as in Table L
Figure 1(g) represents interaction between a scalar
WIMP and fermion pFIMP scenario. In this scenario
an extra fermion bath particle is necessary for inter-
action. This model has been addressed before [46].
For all the scalar WIMP cases discussed so far, the
interaction with the SM can be governed by the
Higgs portal coupling ¢p>?H'H.

Figures 1(h)-1(j) correspond to vector boson WIMP
and scalar pFIMP scenarios. Figures 1(i) [1(j)]
requires extra scalar (vector boson) bath particles
for the interaction, see Table I. For Fig. 1(i), an
interaction term like X*(d,®)¢’ is also allowed. The
WIMP-SM interaction for vector boson WIMPs can
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TABLE 1

Possible WIMP-pFIMP renormalizable interactions for real scalar, fermion, and vector boson particles [see the

corresponding Feynman diagrams in Fig. 1] assuming Z, ® Z, symmetries to stabilize both. Particles denoted by prime
(. w',¢'. X},) are odd under both the Z, symmetries, indicated by the teal color lines in Fig. 1, and connect WIMPs and pFIMPs.
p represents a dimensionful coupling having one mass dimension.

WIMP-pFIMP Model

Scenarios WIMP pFIMP Interaction terms Relic Detection possibility
(@) Scalar(¢) Scalar(®) P*D? v [47,53] X

(b) Scalar(¢) Scalar (D) np®P’ X X

(©) Scalar(¢) Scalar(®) (0"g) DX, X X

(d) Scalar(¢) Vector(V) P*VHV, X X

(e) Scalar(¢) Vector(V) (0, 0) VI X X

() Scalar(¢) Vector(V) HHXHX, X X

(2) Scalar(¢) Fermion(y) ix'¢ v [46] v [46]
(h) Vector(X) Scalar(®) XrX,®? X X

@) Vector(X) Scalar(®) X+ (0,9")® X X

0] Vector(X) Scalar(®) pX X, @ X X

(k) Vector(X) Vector(V) XtX, V'V, X X

0] Vector(X) Vector(V) uxX*v, ¢’ X X

(m) Vector(X) Vector(V) X*V¥(9,X),) X X

(n) Vector(X) Fermion(y) Xart'y' X X

(o) Fermion(y) Scalar(®) wy'® This work This work
(p) Fermion(y) Vector(V) wrty'v, X X

(@) Fermion (y) Fermion(y) wyd X X

(r) Fermion(y) Fermion(y) vty X, v [48] X

be driven by X”XﬂHTH. Note further that we are
ignoring the detailed possibility of an Abelian/non-
Abelian gauge origin of the vector boson here.
Figures 1(k)-1(m) correspond to a situation where
both WIMPs and pFIMPs are vector bosons. The
DMs are connected by a scalar [Fig. 1(1)] or a vector
boson [Fig. 1(m)] bath particle as shown in the
interaction vertices in Table 1. Figure 1(m) can be
generated by other interaction terms depending on
the field derivative term, as argued before. The
WIMP-SM interaction can also occur via Higgs
portal as mentioned above. Figure 1(n) shows the
possibility of vector boson WIMPs and fermion
pFIMPs interacting with each other via another
fermion bath particle as shown in teal color.
Finally, Figs. 1(0)-1(r) correspond to fermion-scalar,
fermion-vector, and (fermion-fermion) WIMP-
pFIMP setups. Figures 1(q) [1(r)] require scalar
(vector boson) bath particles for interaction. Con-
nection of the fermion WIMP to the SM can occur via
effective operator term of the form ywH'H or via a
Yukawa interaction involving a heavy fermion dou-
blet like Wy H + H.c. We are going to elaborate upon
Fig. 1(0) in a UV complete model next.

The right and cross signs in the relic and detection
possibilities in Table I indicate whether such models have
been studied before or not. We can see that amongst various

)

(vi)

possibilities mentioned WIMP-pFIMP phenomenology has
been explored in a few cases, that too, without elaborating
upon the characteristics of the pFIMP, its decoupling, and/
or detectability. The scalar particle as both a pFIMP and
WIMP has been explored in [47,53]. In [47], it was pointed
out that when pFIMP couples to the SM via a scalar WIMP
loop, the direct search detectability becomes difficult,
however, in [53], it was shown that the direct search
possibility emerges when the renormalization scale is
chosen at the freeze-out temperature. We will elaborate
more on this later. In [46], the fermion pFIMP was studied
in a scalar-fermion set up as in Fig. 1(c), however, the
resulting parameter space of this model is almost ruled out
by the recent most direct search results. In [48], pFIMP
phenomenon was discussed partially, but the detectability
of the pFIMP via WIMP loop has been neglected.

III. AN EXAMPLE OF PFIMP-WIMP MODEL

Our focus will be now on a WIMP-pFIMP two compo-
nent DM set up where the direct detection possibility of the
pFIMP is achieved in next generation experiments. We will
also make connections to the indirect detection prospects.
The model consists of (i) a real scalar-singlet ¢, which
acts like the pFIMP and (ii) the lightest admixture of a
vectorlike fermion doublet y = (y y ™) [54,55] and a
vectorlike singlet fermion y |, which acts as WIMP DM.

095031-5
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TABLE II. Dark sector fields and their corresponding quantum
numbers.

Dark fields SU(3), x SUQ2), xU(l)y x Zy x Z'5

v = (") 1 -1 -+

e 1 1 0 - +

¢ 1 1 0 — —

We additionally introduce another vectorlike singlet fer-
mion ,, which acts as a messenger between the two DM
sectors. Stability of both the DM components is ensured by
a Z, @ Z, symmetry. The charges of all the relevant fields
are given in Table II.

Abiding by the symmetry charges, the corresponding
Lagrangian is given by

L= ['SM + ['Scalar + EVF? (8)

where

1 1 1 1
Lscatar = 3 0,0|? —imﬁ,qbQ - 51(/;454 —5/1¢H¢2HTH, 9)

and

Cor =i |ir( 9, +igZwe+ig LB
VE = Y| 1Y /4+lg? ;4+lg§ u | T My | W

+ Z 1/7(,(1)/”0,, - ml//(,)l//a
a=12

— (Yyp Hyy + Yooy + Hee). (10)

After EWSB, the SM Higgs H acquires vacuum expect-
ation value v = 246 GeV, so that in unitarity gauge we can

write, H = (O% (v + h))T. Then the physical mass term of

¢ can be written as mg, = mj + 5 240>, ¢ is a stable DM
candidate and serves as the pFIMP component when
Agn — 0, and conversion to the fermion DM is substantial
via large Y,. From Eq. (10), it is straightforward to
calculate the mass terms for the vectorlike fermions. The
mass eigenstates (y;,y») can be obtained via diagonaliza-
tion of the fermion mass matrix through a unitary trans-
formation from the flavor basis (y,y"),

_'Cmass = m;(l)_(l)(l + m)@)_(Z)(Z + my/l/ﬁ_l//_’ (1 1)

where

1 = cos Oy, + sin Oy, (12)

2> = —sin Oy + cos Oy, (13)
m, = sin®Om,, + cos> Om +Qsin 20, (14)
e v it s )
m, = cos?Om,, + sin® Om —msiHZG (15)
X2 v v \/j '
The mixing angle 0 can be written as
2Y
wn2g = Y20 (16)
My, = My,
Using Eq. (16), we can easily write,
sin 20
Yl :E(Wl){] —mlz), (17)
m,, = my,, sin* 6+ m,, cos* o, (18)
m,, =m, cos® 6+ m, sin®0. (19)

m,, denotes the mass of the charged components of the
doublet y*. The independent parameters of our model are

{m}(l,m

)fz’m

was m,/,, Siné’, Y27/1</)H}'
1 being the lightest neutral fermion, serves as the WIMP
DM component. Note here that y; having gauge inter-
action with the SM via doublet component y° cannot be a
pFIMP. In general, any DM having gauge coupling with
the SM can never be a pFIMP. The mass difference
between y; and the second lightest neutral fermion y,,
denoted as Am = m, —m, serves as an important
parameter that controls the coannihilation process and
the resulting WIMP relic density. We would like to
comment here that the model is perfectly valid as a two
component DM scenario without the presence of y,, but
cannot provide an interaction between ¢ and y;. Then it
can serve best as a WIMP-WIMP (in the limit of sizeable
Apr) or a WIMP-FIMP (with 4,5 — 0) model. The
presence of y, provides the much needed Yukawa inter-
action Y, between the DM components and allows the
model to be explored in pFIMP(¢)-WIMP(y) combina-
tion. We can now also correlate with Fig. 1(0): y; is the
fermion WIMP in the red color, ¢ is the pFIMP in the
dashed black line, and y, is the bath particle connecting
them as shown in the teal color. Mass difference between
x1 and ¢ is denoted in the following text by ém = my —
m,, and is also highly constrained by pFIMP freeze-out to
yield under abundance.

Following the DM-DM interaction term Y,y y,¢p, we

will be interested in the region where my, > nm, +mgy, o

095031-6
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FIG. 2. Feynman diagrams for pFIMP ¢ production from thermal bath {i,k = 1,2}.
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FIG. 3. Feynman diagrams for the possible annihilation and coannihilation channels of WIMP y; {i, j, k = 1,2}.

that y, can decay to y; and ¢. The relevant Feynman
diagrams for pFIMP production, (co)-annihilation of
WIMPs, WIMP-pFIMP conversions and semiconversion
are shown in Figs. 2—4, respectively. In particular, note the
presence of a semiconversion channel y y, — h¢ in Fig. 4,
which also helps in evading the stringent pFIMP mass
constraint on ém. We choose a tiny A,y ~ 10712 so that ¢
does not possess a direct SM interaction and behaves
as a pFIMP, it also helps us evade the upper bound on
Higgs invisible branching ratio (BR) BR(/ — invisible) <
19% at 26 [56] as well as the direct detection constraints to
explore the mass range below the Higgs resonance m, <
(my,/2) as well. Tt is worthy, however, to mention that the
mediator y, generates ¢-Higgs portal as a counterterm of
the loop mediated interaction (see Appendix C for details)
and allows for the direct search of pFIMPs. For details on
Higgs and Z invisible decay width and resulting con-
straints, see Appendix A. Notably, a bound from the large
electron positron (LEP) experiments on the charged fer-
mion masses [57-61] =103.5 GeV also discard the low
DM mass region of the relic density allowed parameter
space, following Eqgs. (17)—(19).

Before moving further, we would like to make a couple
of comments. The very idea that pFIMP-WIMP conversion
governs the pFIMP freeze-out distinguishes a scalar pFIMP
in a two component scalar DM model from that described
here. Also the detectability of pFIMPs relies on the loop
and the particles involved therein, which provides a distinct
possibility for the model at hand, as we elaborate here. To
sum it up, it is not only the pFIMP particle itself, but its
WIMP partner, and its interaction with the WIMP holds the
key for phenomenological outcome of the two component
DM setup.

IV. DARK MATTER PHENOMENOLOGY

Having discussed the model, we will focus on the DM
phenomenology highlighting the pFIMP freeze-out behav-
ior followed up by the scan of the allowed parameter space.

A. Coupled Boltzmann equations and relic density

After considering all the relevant processes, the cBEQ’s
involving the fermion WIMP () and scalar pFIMP (¢)
turn out to be [62-66]

Xi e Xi———r———h  Xi —a— A 7 e ,¢
7
//
2y Xi & Xi & Xj & SREING
h N
AN
N
Xi—+—L-=--¢ Yr—>—"-=--0¢ Y2—>—---¢ thp—>—»_---¢ x; \~¢
3

FIG. 4. Feynman diagrams contributing to WIMP-pFIMP conversion {i, j = 1,2}.
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In Egs. (20) and (21), Y, is the pFIMP yield, and Y, is
the total WIMP yield (assimilating contributions from the
heavy dark sector particles),

Y, = ZYL"

1

Xi= {)(1’)?17)(27)?2’Wi}' (22)

It is worth reminding that all the unstable heavy states
such as y*, y, take part in coannihilation processes when
in equilibrium. Legitimately, y;,w™ are in equilibrium by
rapid annihilations into bath particles. This is also true for
Y, via processes as mentioned in Eq. (24) for sizeable
Y, 2 1072 when (TI',,,)/H(T) > 1 as shown in Fig. 5(a), so
that their number densities can be chosen to be the
equilibrium number density (Y1) during the DM saturation
epoch.” We have also shown the variation of (Ty)/H(T) as
a function of T in Fig. 5(b) for different values of Y,, where
(I'y) is given by Eq. (23). The chemical equilibrium is
achieved for Y, > 107*. Note that

<F(/1> = ZZ (<Uv>¢)([—>hy/2 + <Gv>¢)(,-—>Zy/2)n)e(?
i=12

+2(00) gy, Myt + (00 gpmsmsmrty s (23)

Two points to note here; one, the equilibration is easier when
Y, is part of a doublet via gauge interactions. Second, it is not
necessary to have y, in equilibrium for the WIMP (y)-pFIMP (¢)
exchange process to be substantial (as required here), although
several other terms of the BEQs (20) and (21) will change to yield
a different allowed parameter space.
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€q
Y,

and

<Fy/2> (<Gv>y/2;(l —h¢p + <6U>y/2;(1—>2¢>n)(? + (<Gv>y/2;‘(2—>h¢

+ <67)>y/2;22—>2¢)n)((21 + <O-U>y/2y/+—>W+¢n:/q+

+ [<GU>W1/72—>hh + <Gv>wy72—>hZ =+ <0-U>1//y72—>ZZ
+(00) g, s ww- + <UU>1,,1,-,2_>,¢? + <0U>Wz—>qq]”qu

(24)

After the freeze-out, they eventually decay to the lightest
stable DM y, contributing to its relic density. This issue is
addressed via “effective” annihilation cross section to SM
(ov)° and effective decay width ()¢ (see [67] and
Appendix B for details), where all possible SM final states
such as h, W*,Z. ¢, q are considered. Also note that in
Egs. (20) and (21), M = 1.22091 x 10" GeV represents

Planck mass, and ¢}, ~ ¢, ~ 106.7 denotes effective mass-

less degrees of freedom The common variable x = ”‘T"/’
1 1y-1
written in terms of the reduced mass p,, 4 = (m—l] + %)

caters to the two component DM system in equilibrium.
The dark sector particles follow the nonrelativistic equi-
librium distribution given by

45 g, mgy \ 2 m,
Y[eﬁq—ﬂg—s'b<x /)> K2<x /)>, (25)
TG \ Hygp Hyig
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FIG.5. Variation of (T',,)/H(T) as a function of T (GeV) in (a) and ((T'y) /H(T)) in (b) for different values of Yukawa couplings ¥, as

shown by different colored lines.

45 ) 0\ 2 ,
Y)e(q = = g_; <x i ) Kz <X i ) (26)
4x i Ix Hoo Hoop

In writing the Egs. (20) and (21), we also have used [62]

i i L 2x, (M
bl neq_zl:ni _zﬂzzl:gimiIQ(T). (27)

In the above, T represents the common temperature that
DM particles possess, and K, represents modified Bessel
function of second order. Note further that the scalar DM ¢
is assumed out-of-equilibrium initially due to tiny 4, but
reaches thermal equilibrium and becomes a pFIMP by large
conversion from/to WIMP via y;y; — ¢¢. A symmetry

my,=100 GeV, Am=6 GeV, my=95 GeV, m,,=300 GeV, Sin[0]=0.1, Ay=10""2

10-4F > ~
-~
10}
<
NI S
ol
.
0.001 0.010 0.100 1 10 100
UX1 ¢/T
(a)

FIG. 6.

factor of 2 applies for ¢ [see Eq. (21)]. A subsequent
solution of the cBEQ provides relic density of the DM
species by

Qpyh? = 2.744 x 108 <m)(l Y, [:11; xm]
X1

My
—I—m¢Y¢ — X s
ya14

where x,, corresponds to the present time/temperature.
The solutions of cBEQs are presented in terms of
DM yield as a function of x in Figs. 6(a) and 6(b) for
two different mass hierarchies. Light brown and violet
dotted lines represent a pure FIMP situation with

(28)

my,=95 GeV, Am=8 GeV, my=100 GeV, m,,=300 GeV, Sin[0]=0.1, Ay =10""2

0%
~
10 T
S .
>.>E ............
ol
.
0.001 0.010 0.100 1 10 100
pX1 ¢/T
(b)

(a) Shows the variation of yield (¥) of WIMPs (thick lines), pure FIMPs (dotted lines), and pFIMPs (dashed lines) as a

function of x where light brown, violet, red, green, yellow, and deep blue lines correspond to different values of
Y,: {10‘12, 1073, 1074, 1072, 1,2}, respectively, for m,, > my. (b) Shows the same for m, < m, with different values of Yukawa
coupling ¥, : {10‘12, 107,107, 1072, 107, 0.5} represented by light brown, violet, red, green, yellow, and deep blue lines, respectively.
The black thick and dashed lines show the equilibrium distribution of WIMPs and pFIMPs, respectively. Other parameters kept fixed are
mentioned in the figure caption.
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m,,=200 GeV, m,,=m,, +Am, m,,,=400 GeV, Sin[6]=0.01, Agy = 1072
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Parameter space allowed by the observed relic (0.1188 < Qpyh% < 0.1212) in (a) 5m-Y, plane and (b) ¥,-Am plane. In both

the figures percentage contribution of the pFIMP (€,,) is shown in the color bar. Parameters kept fixed are mentioned in the figure

heading.

Y, = {1072, 107}, respectively, wherein the DM freezes.
For Y, = 1078, with larger conversion from WIMP to
FIMP, the FIMP yield increases. However, with Y, increas-
ing further (Y, > 1073), the FIMP thermalizes to the
equilibrium number density via the conversion process
and enters into the pFIMP regime (red, green, yellow,
and deep blue dashed lines) to freeze-out subsequently. The
red dashed curve(s), in particular, show how the pFIMP
enters into the thermal bath. The pFIMP thermal equilibra-
tion is already checked in Fig. 5(b). The change in the
WIMP or pFIMP number density/freeze-out point depends
on the mass hierarchy as well as on the conversion cross
section. Here in both the plots, while the pFIMP relic
density decreases with larger Y, (via larger conversion cross
section), notice that the WIMP relic density does not change
much. This is because the WIMP annihilation plus coanni-
hilation still remains larger than that of the conversion cross
section for the chosen parameters. For detailed pFIMP
dynamics see [53].

In Fig. 7(a), we show the relic density allowed para-
meter space of the model in ém-Y, plane, where the total
relic density adds to the observed one (Qh?> = 0.1200 +
0.0012) [1] for fixed {m,, Am,m,, ,sin@} as indicated in
the figure caption. Two sets of Am are chosen. Smaller Am
enhances coannihilation of the WIMP and thus reduces the
contribution to the total relic. It is clear from the percentage
contribution of the pFIMP (¢) to the total DM relic as
shown in the color axis. Overabundant and underabundant
regions fall below and above the correct choice of Y, quite
expectedly owing to the inverse dependence of relic density
to the conversion cross sections, as indicated. Recall that
om = my —m, represents the mass difference between
the pFIMP and WIMP. The parameter space can be divided
into two regions: (i) om > 0, i.e., the pFIMP is heavier
than the WIMP; (ii) 6m < 0, when the WIMP is heavier

than the pFIMP. The results are different for these cases.
When ém > 0, there is a mild dependence on dm, as the
conversion process does not depend heavily on it and
contribution to the WIMP relic density is small, thus
pFIMP contribution remains in the 20% ballpark with
almost no change in Y,. However, when ém < 0, the
WIMP has an additional depletion channel, and its relic
density decreases with larger conversion to the pFIMP with
larger splitting, in turn the pFIMP relic enhances signifi-
cantly, which requires it to be adjusted by having larger Y,
to keep the total relic within the observed one. In Fig. 7(b),
we show the relic density allowed parameter space in
Y,-Am plane. As mentioned earlier, here, Am is the mass
difference between the second lightest fermionic dark
sector particle y, and the WIMP DM y,. With larger Y,,
and therefore larger y; — ¢ conversion, the coannihilation
effect is required to reduce with larger Am and the relative
contribution of ¢ to the total relic density increases. We
further see that a maximum of Am < 10 GeV is possible
for pFIMP ¢ to saturate the most of DM abundance. The
parameters kept fixed are mentioned in the figure caption,
and the two choices of m, used for the scan are mentioned
in the plot.

B. Direct detection prospect

Now we delve into the direct search prospect of the two
component DMs, which is our key focus in this study. First,
we will briefly discuss the direct detection of the WIMP
and then explore the pFIMP case in detail.

1. Direct detection of the WIMP
In this model, the spin-independent direct detection
cross section for WIMP y, (G;IN) gets major contribution
from Z and Higgs-mediated z-channel diagrams (Fig. 8),
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FIG. 8. The Feynman diagrams for the direct detection of
WIMP (yy).

and therefore, the singlet-doublet mixing parameter
sin @ plays an important role, apart from the DM mass
m,, . The direct search prospect of this WIMP is similar to
that in [55,68]. The Z mediated contribution is required to
be small to abide by the nonobservation of a spin-
independent direct search of the DM. This is possible
when the singlet-doublet mixing (sin #) is small, since the
effective coupling involved in the Z mediated vertex is
Az = ",’Tzsin2 0, whereas the effective Higgs coupling
i gy = —%sin 20.

In Figs. 9(a) and 9(b) we show the effective spin-
independent direct detection cross section (657) of the
WIMP-like fermion DM y; as a function of its mass (m,,,)
for two different mass hierarchies. We also show the limits
from existing direct search data along with future sensi-
tivities. The effective direct search cross section for the
individual DM components are defined [69] as follows:

eff _ Q, SI . eff _ Q SI (29)

o oS =——" o5\
l Q)(l +Q¢ “ / Q)(l +Q¢ ’

In both the Figs. 9(a) and 9(b) sin @ is shown in the color
bar. It is clear that with increasing sin @, i.e., with more
doublet contribution, the direct detection cross section for y,

m,, < my, my, <my, my>my,+my, 0.1<Y, <35, Ay =101
T T
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increases. One finds in Fig. 9(a), when m, < 100 GeV,
only in the vicinity of Z resonance, we get points allowed
by the relic density, but disfavored from direct search data.
The points allowed by the direct search data requires
m,, 2 100 GeV with sin@ < 0.1. In the reverse hierarchy
[Fig. 9(b)], the Z-resonance region is not particularly
distinct. The reason behind this is the following. When
m, > my, the conversion channel from y; to ¢ is open,
which helps y; to deplete its number density considerably
and become underabundant, whereas when m,, < m, this
conversion is kinematically disfavored, and therefore, the
underabundance for y; is achieved primarily near Z reso-
nance. Here too, small mass difference between y; and y,
can facilitate coannihilation, and there exists a possibility of
underabundance with the appropriate choice of Am. The
black dots over the rainbow points are disfavored from the
LEP limit on charged fermion masses. The same appears in
other parameter space scans. The detailed calculation of the
direct detection cross section of the WIMP can be found in
Appendix D.

2. Direct detection of the pFIMP

The FIMP having negligible coupling with SM states is
difficult to probe in direct search experiments. The pFIMP
on the other hand, despite having negligible couplings to
the SM, has a prospect of being detected at direct search
experiments via substantial coupling with the WIMP. As
discussed in Sec. II B, the pFIMP coupling to the SM
occurs via the WIMP-loop, which can have a non-negli-
gible contribution to the elastic scattering between the
pFIMP and detector nucleon.

In Fig. 10, we show the diagrams which contribute to the
direct search cross section of pFIMP (¢) in our model. The
diagram [Fig. 10 (left)] involving the Higgs portal coupling

my < my, < my,, my, >m, +mg 0.1 <Yy <35 \p= 10712
T

sind

IO.ZO

4015

®

0.10

L1 )
1047 pux-TE o oo e oy 6530 i
s s ot °..§- ”.‘C'
°
10748 P ° . ° ‘. M :,, 0.05
° e _--—--""&
o [ 4
Neutrino = _E‘ggr’ s [ L
A", L e .
50 100 200 500
m,, [GeV]
(b)

FIG. 9. Effective spin-independent direct detection cross section (o';ff) for WIMP y, for (a) m,, < my and (b) m,, > m,. All the points
satisfy the present DM relic density bound 0.1188 < Q)(lh2 + Q¢h2 < 0.1212 via the combined contribution of both DMs. sin @ is
shown as the color axis in both the figures. Other parameters kept fixed are shown in the figure heading. The limits from XENONIT,
LUX-ZEPLIN data and future sensitivities from XENONnT and the neutrino floor are shown. Black dotted points are excluded by the

LEP bound on the charged fermion masses.
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FIG. 10. Feynman diagrams for direct detection of pFIMP ¢, via tree level Higgs mediation (left), one-loop Z mediation (middle) and

one-loop Higgs mediation (right).

of the pFIMP, contributes negligibly to the total amplitude
with A4y ~ 10712, Figure 10 (middle) shows the WIMP-
loop induced contribution with a 7-channel Z mediator,
whereas Fig. 10 (right) shows the same with 7-channel
Higgs mediation.

The coupling that plays a crucial role in determining the
loop amplitude is the WIMP-pFIMP coupling (Yukawa
coupling Y,), which was also a key parameter in governing
the pFIMP dynamics. On the other hand, one has to also
remember that the loop contributions are also a direct
consequence of the singlet-doublet mixing in our model. In
the absence of mixing, the loop contribution to pFIMP-
nucleon interaction vanishes. Therefore, not only the
Yukawa coupling Y,, but also the Yukawa coupling Y,
is crucial in this context. In addition, the mixing term is
directly proportional to the mass difference between the
WIMP and the second lightest dark sector particle
(m,, —m, ), as we have seen in Eq. (17). The smaller
the mass difference, the weaker the detectability is of the
pFIMP at direct detection experiments. Similar to the
WIMP case, here too the Higgs mediated diagram con-
tributes much more compared to the Z-mediated case,
thanks to the small sin § limit that we need to abide by. For
an order-of-magnitude estimate of the Higgs and Z

m,, <my my, <m,,, my >m,+m, 0.01<sind < 0.3, \g=10""2
T T T =T
— Y,

10749} -
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FIG. 11. Effective spin-independent direct detection cross section (o';ff) for pFIMP ¢ for (a) m, < mg and (b) m

mediated contributions, one can see Figs. 19 and 21 in
Appendix C. We would like to emphasize here that we get
an advantage by choosing a fermionic WIMP candidate
over a scalar. It was shown in [47] that the pFIMP, in a two-
component scalar DM model, will have negligible con-
tribution to the direct detection as the scalar loop amplitude
vanishes at the low transfer momentum limit (unless the
WIMP is a warm DM in the KeV mass range). Although
that issue can be alleviated if we choose the renormaliza-
tion scale at the DM mass scale, however, the scale
dependence remains. This is not the case with the fermion
WIMP loop, see the detailed calculations in Appendix C.
Herein lies a very important motivation behind choosing
the model. The detailed calculation of direct detection
cross section of the pFIMP is done in Appendix D, which
we use for the parameter space scan discussed next.

In Fig. 11, we present the effective spin-independent
direct detection cross section (c5") of the pFIMP ¢ as a
function of its mass (m,) for two different mass hierarchies.

The definition of 65" follows from Eq. (29). As the major

contribution to a‘;ff

comes from the fermion-loop induced
diagrams (Fig. 10), the parameters Am, Y, and sin 6 play a

crucial role. In order to achieve a considerable direct

my <m,, <m,, my >m, +my 0.01 <sinf <0.3, \g=10""?
T

' ENONIT
o

XENONDT

10748 L

10756 L

20 50

, > my. All the

points satisfy the present DM relic density bound 0.1188 < Q, h* + Q¢h2 < 0.1212 via the combined contribution of both DMs. Y, is
shown as the color axis in both figures. Other parameters kept fixed are shown in the figure heading. The limits from XENONIT, LUX-
ZEPLIN data, and future sensitivities from XENONnT and the neutrino floor are shown. Black dotted points are excluded by the LEP
bound on the charged fermion masses.
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FIG. 12. Allowed parameter space in m,, -m, plane, which
respect the present observed relic density as well as have
sensitivities for future direct detection experiments beyond the

LUX-ZEPLIN bound. The color axis represents the effective
spin-independent pFIMP-nucleon scattering cross section, a;ff in
cm? in log scale. Black dotted points are excluded by the LEP

bound on the charged fermion masses.

detection cross section, a large mass splitting Am is
desirable, as already pointed out. On the other hand, large
Am means absence of coannihilation and therefore over-
abundance of y;. This situation is evident in Fig. 11(a),
where the parameter space allowed by observed relic
density implies direct detection cross section for the
pFIMP not only lies below the existing direct search limits,
but a large part remains within the neutrino floor sensitivity.
This tension is relaxed when m,, > m, since in this case
the conversion channel from y; to ¢ becomes kinematically
favored, and the underabundance of y; is possible even
with moderate/large Am. This in turn ensures a moderate
direct search cross section (1074-10%") for the pFIMP
with mass <100 GeV, which can be probed in the next
generation direct detection experiments like Xenon-nT
(projected limit 107*° cm?), as shown in Fig. 11(b).
Hereby, we draw a crucial inference that m, > my is
more favorable for the direct detection of pFIMPs, as
compared to the inverse hierarchy in this specific model.

Having discussed the individual aspects of WIMP and
pFIMP direct detection, we would also like to make a
connection between the two. In Fig. 12, we have shown the
allowed parameter space, which respect the present relic
density and direct detection (LUX-ZEPLIN) bound in
m,, -my plane. The color axis represents the effective
spin-independent pFIMP-nucleon scattering cross section,
af;f(cmz) in log scale. One can, firstly, observe that the
allowed region lies in the vicinity of m, = my line in
accordance with the pFIMP dynamics [53]. When
m, >mgy, x| to ¢ conversion is significant, reducing
the WIMP contribution and enhancing ¢ contribution to

the total relic, and therefore, the effective afbff increases too.

My,=200 GeV, my,=my, +Am, my=195 GeV, m,,=400 GeV, Sin[6]=0.01, Ag=10""2
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FIG. 13. Parameter space allowed by observed relic density and

direct search constraints in Y,-Am plane, where the spin-
independent effective DM-nucleon elastic scattering cross section
of scalar DM (af;f in cm?) is shown as the color axis in log scale.

Now see the red points above the m, = my line, i.e., the
opposite hierarchy (m, < mg,). One can notice the pres-
ence of larger om ~ 100 GeV points for this hierarchy,
which was absent in the other hierarchy in accordance with
Fig. 7. In addition, if y; is in the Z resonance, then the
underabundance of y; becomes further enhanced, and it
becomes easier to achieve large Am and, consequently,
large direct detection cross section for the pFIMP (blue
points in the vicinity of Z resonance in Fig. 12). For the
inverse hierarchy, on the other hand, the underabundance of
the WIMP is solely dependent on its coannihilation, and
therefore, large Am values are disfavored, resulting in small
direct detection cross section for the pFIMP. We have
checked that even with y; in the vicinity Z resonance, the
dependence on coannihilation is not relaxed, and therefore,
direct detection cross section for the pFIMP remains below
the neutrino floor for almost the entire parameter space.
In Fig. 13, we show the relic density and direct search
allowed points in Y,-Am plane, with the color axis
denoting the direct detection cross section of the pFIMP
¢ in log scale. The shape of the curve is exactly similar to
that of Fig. 7(b), dictated by the relic density constraint,
which limits Am < 10 GeV to assimilate the effect of
annihilation/coannihilation of the WIMP. Larger Am imply
enhanced contribution from the fermion loop (see Fig. 10)
resulting in larger direct detection cross section for the
pFIMP, evident from the transition in color in Fig. 13.
Increasing Y, is also crucial in obtaining enhanced direct

search cross section 03)“, also apparent from the color of

the curve.

C. Indirect detection possibility

Similar to the direct detection prospects of pFIMPs, one
can obtain indirect signal evidence of pFIMPs, analyzing
the photon flux [70] in the existing and future indirect
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FIG. 14. The tree-level (left) and one-loop (right) Feynman diagrams for the indirect detection of WIMP (y;) and pFIMP (¢).

detection experiments such as Fermi Large Area Telescope
(LAT) [71], Super Kamio-Kande [72], high energy stero-
scopic system [73], IceCube [74-76], etc. We have con-
sidered the recent data for DM annihilation channels to bb,
7777, and W W~ from various experiments and study their
effect on our model parameter space. The strongest bounds
come from the bb annihilation channel. The effective
annihilation cross section of a DM pair to bb final state
in a two-component DM setup is given by [77,78]

2
QDM

<0”>ID m <6U>DMDM—>bE~

DM DM—bb (30)
In the above, DM notation indicates WIMP (y;) or
pFIMP (¢).

In Fig. 14, we show the processes that contribute to the
aforementioned annihilation channels for both WIMPs and
pFIMPs. Note that the tree-level Higgs mediated channel for
pFIMP annihilation turns negligible with 4,5 — 0, while
the WIMP-loop induced diagrams dominantly contribute to
pFIMP annihilation, similar to the direct search case.

In Fig. 15, we plot (ov)> = - as a function of DM

mass for WIMPs [Fig. 15(a)] and pFIMPs [Fig. 15(b)]. The
color axis denotes the effective direct detection cross
section for pFIMP (c§). All the points in both plots satisfy
the observed relic and LUX-ZEPLIN bound. It is evident

my, > m,,, my, = my, +m+ 10, sinf] < 0.1, Yy < 0.35, A\gg = 107'2

from the figures that the entire parameter space is allowed
by indirect bound from Fermi LAT (black dashed line) and
can be probed in future experiments. Interestingly, the
region that is most sensitive to the future indirect detection
experiments lies in the vicinity of Z resonance. The same
points also produce maximum direct search cross section
for the pFIMP [dark blue points in Fig. 15(b)] and thereby
yield best discovery potential.

D. Collider constraints and prospects at LHC

The WIMP sector of the model having additional
particles transforming under the SM gauge group naturally
have collider detectability as well as constraints from the
existing data [55,80,81]. The hardest limit appears on the
model from the LEP exclusion [57] of not observing a
singly charged fermion beyond the SM, resulting in
m,+ 2 103.5 GeV. The ALTAS [82,83] and CMS [34]
experiments at the LHC have looked for DM signals in
opposite sign dileptons (OSD) + jets + E; missing trans-
verse energy (MET) final state and nonobservation of any
excess puts a limit on our model that produces such a signal.
In our model, the corresponding signal process is predomi-
nantly generated by the Drell-Yan production of the charged
fermion pair, subsequently decaying via off-shell W= as
shown in Fig. 16(a). In Fig. 17, we show the LHC
constraints in the plane of charged lepton mass and DM

m,, > m,,, my, =my, +m,+ 10, sinf] < 0.1, Yy < 0.35, \gg = 1072
T

~ F_erml___LAT————I———-"""“'_"_"_"_—q __ Fermi-LAT T -
10720 -~ —Logio [ } ” —Logio [U; }
46 47 48 49 50 10° 50 52 54 56 58 ]
w 10728 *e
B e 34
$ 10 b
: # ; L
21070 . 4 2 .
\L” o e ’510_395 By s o’ “:,a;:gﬁ;ar o, © 1
8 =40-32 8« ' i . ‘
;510 " p E 44 "g ‘e 0% o
L% Srouh o 0 USRS |
10734 ¢ g . ‘ o ¢ ° N'::'. 0?\ .";.‘
. W r
f 104} % AR 1 { b
o ® L] L]
50 100 200 500 50 100 200 500
m,, [GeV] m,, [GeV]
(a) (b)
FIG. 15. DM annihilation cross section to bb, (o )ID (a) and <av)fﬁ%_>b 5 (b) as a function of DM mass. The color axis denotes

effective direct detection cross section for pFIMP (aef{) All points in GID-m , plane satisfy observed relic and LUX-ZEPLIN bound for
both WIMPs and pFIMPs. The gray shaded region is excluded by DM anmhllatlon to bb search at Fermi LAT [71,79] and H.E.S.S [73]

data. Black dotted points are excluded by the LEP bound.
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p p X

(b)

FIG. 16. Feynman diagrams showing pp — wy~ production and subsequent decays to opposite sign dilepton (¢~ + Er) events
(a), mono-X + E; signal for the WIMP (b) and the pFIMP (c); where X = jet,y,h,Z and i = 1, 2.

mass. This limit stems from the search for supersymmetric
chargino, where the lightest neutralino serves as cold DM
(both in gaugino-dominated regions), giving rise to OSD
plus MET signal. One can see from here that large mass
difference between the DM candidate and charged fermions
are disallowed by the experimental data, i.e., the on-shell
production of W* from the charged fermion decay is crucial
for the parameter point to be sensitive to the experimental
data. However, as we have discussed, in detail, in the small
sin@ limit, the requirement of adequate coannihilation
makes the DM and charged fermion masses almost degen-
erate, see the maroon points that come from our model
checked against the experimental constraints in Fig. 17.
Therefore, the parameter space of our model, relevant from
the DM constraints are allowed by the ATLAS and CMS
bounds. It is interesting to note further that, only in the Z
resonance region, the requirement for degenerate DM
masses with its charged/neutral partners get relaxed, where
a large mass gap becomes allowed from relic density
constraints. Therefore, some of these points, where DM
mass lies in the resonance region, can possess w* >
103.5 GeV and survive all the experimental constraints
(see Figs. 11 and 15). Apart from the OSD final state, the
WIMP can be produced via several other channels like

500 @”‘é‘
e”(v
&
o’

2 100 o
<)  Lad

- °® oV
g 50f o

o Relic+ DD +1ID A
'
10p— ATLAS — Observed

'
... ATLAS — Expected’ s
L L

50 100 200 500
my+ [GeV]

FIG. 17. WIMP masses 2103 GeV are allowed by ATLAS
[82,83] and LEP [57] observed chargino signal.

Y2x2. yowt and their subsequent decays to produce
(12,2¢,3¢,4¢) signals [55,80,81] in association with MET.
On the other hand, the pFIMP can only be produced via
the WIMP loop, yielding a mono-X (X = j, y, Z, W, h)
signal predominantly via initial state radiation, see
Fig. 16(c). The WIMP of this specific model (or any other
model) will always be able to produce the same mono-X
signal [see Fig. 16(b)] and the WIMP cross section is larger
than the pFIMP one, as the latter is always loop sup-
pressed. Therefore, E; peak produced by the pFIMP will
possibly be submerged into that of the WIMP, as the mass
difference between them is not large. Note here that the
distinguishability of the peaks in £y distribution heavily
depends on the mass separation [50]. The pFIMP signal
can possibly be distinguished from the WIMP partner, if
the MET peak is separated due to different effective
Lorentz structures for the production [51]. We will
elaborate on this possibility concerning pFIMP production
in a separate publication. We present the signal cross
sections in Table III at some typical benchmark points for
illustration. This indicates that the possibility of pFIMP
detection of this model at the LHC is rather bleak.

V. SUMMARY AND CONCLUSIONS

We focused on a two-component DM scenario involving
a thermal WIMP and a FIMP having negligible interaction
with the SM. When the interaction between the WIMP and
FIMP becomes of weak interaction strength, the FIMP
thermalizes and freezes-out similar to the WIMP. Such DM
candidates can be called pFIMPs, and we explored various
aspects of this mechanism in our earlier work [53] in a
model independent manner. In this work, we focus on a
specific two component DM model to analyze the parameter
space in the WIMP-pFIMP limit.

A crucial aspect of this work is to explore the possibility
of detection of pFIMPs in direct and indirect search
experiments. It is well known that a FIMP having tiny
coupling to SM states evades both present and future
(projected) direct detection bounds. However, the pFIMP,
aided by its significant interaction with the WIMP, can have
considerable DM-nucleon cross sections at the direct search
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TABLE III.  Relic density, direct search, and collider signal cross sections at some benchmark points for the two-component fermion-
scalar model. All the masses are in the units of GeV. The last two columns depict the WIMP and pFIMP production cross section at the
LHC via gluon fusion yielding mono-jet + E7 in the final state at /s = 14 TeV. The OSD + MET final state cross section is estimated

only via y Ty~ production and cascade decay.

p — p collision (fb)

WIMP pFIMP
m,, m, my m, sin@ Y, Qh* Qh*  of[cm?] o4f[cm*]  OSD + E7 mono-jet + Ey mono-jet + K7
98.0 104.7 94.8 202.8 0.02 2.44 0.0092 0.1115 6.30x 107 1.40x 10755 93.3 221 x 1074 1.49 x 107°
250.3 2539 2429 1121.2 0.04 1.61 0.0423 0.0783 2.27 x 10~ 1.96 x 108 3.67 1.38 x 107* 9.16 x 10712
456.1 461.4 4547 920.8 0.02 2.43 0.0954 0.0258 2.11 x 10~ 1.09 x 10738 0.312 8.42 x 1077 1.26 x 107!

experiments. Although, the pFIMP has no direct connection
to the SM, it can produce WIMP-loop induced amplitudes,
which can bring the pFIMP under future experimental
sensitivities. Having identified all such one-loop possibil-
ities with scalar, fermion, and vector boson particles as
WIMPs and pFIMPs, we choose a specific model which is
likely to provide a considerable direct and indirect search
sensitivity for the pFIMP. It is important to note that pFIMP
detectability depends heavily on its WIMP partner, not only
due to its presence in the loop induced graphs for the pFIMP
interacting with the SM, but also due to the fact that the
underabundant region allowed for the pFIMP depends
crucially on the WIMP annihilation/coannihilation chan-
nels. We focus on these two aspects of pFIMP dynamics in
this model dependent study.

The model we chose to illustrate consists of a fermion
WIMP which is an admixture of a singlet and a doublet.
The pFIMP is a scalar singlet having negligible Higgs
portal interaction and a substantial WIMP-pFIMP con-
version via Yukawa interaction. Both possibilities like the
fermionic WIMP and scalar WIMP at individual levels
have been studied before, but the pFIMP phenomenology
and the detectability that we analyse here is new in the
literature. We have scanned the parameter space of our
model and identified the region which is most sensitive to
both direct and indirect search experiments. We found that
one specific mass hierarchy with heavier WIMP is favored
for direct detection. On the other hand, a large mass
splitting between the WIMP and the second lightest dark
sector particle is required for better pFIMP direct search.
This is achieved when the WIMP mass lies in the vicinity
of the Z-resonance region. Although the low WIMP mass
region is strongly constrained from the LEP data as well as
as from the LHC bound, allowed parameter space points
are left in the Z-resonance region, albeit fine-tuned.
Importantly, the WIMP being a fermion in this model,
also helps to generate a significant loop-induced ampli-
tude. We must note that our model is just one example that
is conducive for pFIMP detectability, while there exists a
plethora of possibilities as outlined in the beginning of
this work.

Collider searches for the WIMP component of this
model have been discussed in the literature. The WIMP
sector of this model can produce a multilepton signal plus
MET, thanks to the presence of a doublet. The limits from
the current data leave a large allowed parameter space of
the model for signal discovery at the future sensitivities of
LHC. The pFIMP, on the other hand, can only be produced
via WIMP loop and yield mono-X (X = j, y, Z, W, h)
signal via initial state radiation. WIMPs can also produce
the same signal, but with a larger cross section. So the
pFIMP signal is likely to be submerged into the WIMP
signal, having little or no consequence in the final state
event numbers or distributions in this scenario.

The other crucial feature that the WIMP-pFIMP setup
provides, after addressing the correct relic density, is to have
a small mass difference between the two DM components,
around <10 GeV, which, however, gets relaxed to some
extent in one particular hierarchy of this model. But broadly
we expect two DM signals (either in direct or in collider
searches) in the same mass range. While this is very
predictive on the one hand, disentangling them may be
challenging. We plan to address these issues in a future
analysis.
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APPENDIX A: HIGGS AND Z INVISIBLE
DECAY WIDTHS

The observed (expected) upper limit on the invisible
branching fraction of the Higgs boson at 95% confidence
level [85,86] having the total decay width of 125.1 GeV
Higgs given by 3.277% MeV [87] is

0.145(0.103) (ATLAS)

B —invisible < Al
hinvisibl {0.18(0.10) (CMS). (AD)
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In this model, the invisible branching ratio comes from
Higgs decay to both the WIMP and pFIMP given by

2 1/2
r T 4m 0| 2my) (A2)
h—¢¢p — 327zmh mh mp My,
sin* 26 m2\3/2
Fh_’)(l)?l = 32712 mh(m)(l - m)(z) (1 4 m):)
®[my, —2m,,|. (A3)

In the above, L, is one-loop corrected & — ¢¢ vertex as
elaborated later.

The recent invisible decay width bound on the Z boson
comes from various experiments like [88]

523416 MeV  (CMS)
Ty invisibe < 4 503416 MeV  (LEPComb)  (A4)
498 £ 17 MeV  (L3).

Invisible Z boson decay can have contributions from both
WIMPs and pFIMPs, given by

ﬂ_%mz i 3/2
r = 1-4 C] —2my|, A5
Z—d 162 ( mz> [my mqﬁ] (AS)
r,. - m3, sin* @sin* 6, (1 LM )2(1 - 4’”;(1 12
T 12702 m’ m%
O[my —2m,, ]. (A6)

Here L, is one-loop corrected Z — ¢h¢p vertex. The explicit
expressions for L, and L, will be given in Appendix C. If
DM masses are below my,/2(my/2), then it is severely
constrained by the invisible Higgs and Z decay constraints.

APPENDIX B: BEQ WITH COANNIHILATION IN
WIMP-PFIMP FRAMEWORK

Let us consider n; dark sector particles have the same Z,
symmetry, masses m; (m; being the mass of DM), and

n;+3Hn; = _Z<U”>ij_>SM<”i”j - "?qn;q)~ (B1)
J

Since all the dark sector particles with i > 1 will eventually
decay to the stable DM candidate after their respective
freeze-outs, the total DM density will be the result of the
combined yield of all the dark sector particles. Therefore,
its final abundance (n) can be described by the sum of the
density of all the dark sector particles that transform under
the same Z, symmetry,

n = E n;.
i

The corresponding evolution equation for n can be written
as follows [62,67]:

(B2)

n=-3Hn— Z<Uv>ij—>SM(”i”j — ;).
ij

(B3)

In the above, we have assumed that n; dark sector particles
are initially in the thermal bath with the SM, and n}*

eq
denotes the equilibrium number density. Using ** = %,

Eq. (B3) becomes

n n
. o €q eq eq._eq
n+3Hn = —E <o-v)ij_,SM(ni el Nl IR0 >
ij

—(ov)d(n? — ne), (B4)
where
eq_eq
eff _ nn; eq eq
(ov)" = (ov);;—5— and n=> ni'.  (BS)
i,j €q i

Following Eq. (BS), it is straightforward to calculate the
{o)¢!t for all possible channels relevant for our case as in
Eqgs. (20) and (21),

internal d.o.f. g;. The evolution of the number density n; of <F>§/f2f—>;{l¢ Z<F>y/2—>i(/n (B6)
particle i can be written as !
|
m;\ | ~! m;
005 = | L2k ()| S o sganis () (87)
1
-2 m: m.
eff {z gim; Kz( ﬂ Zz<gv>ij—>¢¢gigjmzzm?1(2 <7l> K <7/> , (B3)
i.j
etf 2 -2 5 5 m; m;
Zgz Kz ZZ<GU>ij—>y/2y’/2.gigjmi m; K, T K; T ) (B9)

LJ
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FIG. 18. Tree-level, one-loop, and counterterm interaction vertex for the h¢g¢ interaction vertex where {i, j = 1,2} [89,90].

[Zg,m K2< ﬂ Zz o) snsmdig mim’ K2<T">K2 <%> (B10)

APPENDIX C: RELEVANT FERMION LOOP CALCULATIONS FOR DIRECT SEARCH

We consider first the three-point vertex and its one-loop contribution for the ¢p¢h interaction, which plays a crucial role in
the direct detection of the pFIMP. The one-loop amplitude can be written as a sum of three contributions, the tree-level
amplitude, one loop, and counterterm:

= —ilygg + > _ TP+ 8 (C1)

i,j=12

Here we have assumed that at tree level 4, is very small. The one-loop diagram contributing to i¢¢ vertex is shown in the
middle of Fig. 18, and the amplitude is given by

i-loor _ d*k ( 1)Tr (_M(/"I/zlj)i(k/—’— mlllz) (_Mlﬁv/zﬂ(i)i(f@ + K+ m)(i) (_illh){i)(j)i(p/él + K+ m)(j)
g (2n)* (K —my, +ie]  [(po+k)?=m} +ie]  [(ps+Kk)?*—m} +ie]
_ _4/ d*k mymy, my,, 4 m,, (mé —5) + (my, +m, + my, )k* + (m,, +m, Jk.py + (my,, +my, )k.py
(27)* (k% — my, + i€][(k+ py)* — my, + ie][(k + ps)* — my, + ie]

N TS (€2)

Using, [ = k+ ypsr + zpa,
Ay = (v +2)(y + 2= )mj — tyz + xmy, + ym3, + zmy,
t
5mij—%(%ﬂm+m;(1—y—Z)z—E(l—y—z+2yZ)> +my(m, +m, )(y+2)(y+z-1)

(1—2z)+ m,z(1=2y), and c¢;;=my, +m, +m,.

2 )(: 2 Aj
Therefore,
d*l ! omy; + c;; I
1-loo i i
Fl] (- —8/1;1){’%]./1451',,21]/1{/,,,,2% /W/ dxdydzmé(x +y+z-— 1)
om; T'(1 +€) . Cij ['(e)
= Bidiyy Ay Ao, / dxdydz [3 EZT]-“M”'MZ) _ 32/2 (2-¢) A; (4zp®)€|6(x+y+z-1). (C3)

In the above, p is the dimension regularization parameter (basically a mass scale) introduced to keep 4 dimensionless and
d =4 —2e¢, in the limit € = 0,. At ¢ — 0, limit we have the following expansions:
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my,=100 GeV, my=95 GeV, m,,=300 GeV, Sin[6]=0.1
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FIG. 19. One-loop amplitude for the Higgs-mediated process.

Pe) = - ~7e + O(e),

1 €
C a1 -Sma
Ac 2n + O(e),

pex1 +§1nﬂ2 +Oe), (C4)
where y; =~ 0.5772156649 is the Euler-Mascheroni con-
stant. Note that we have multiplied Eq. (C3) by a factor of 2
because of the antiparticles in the loop, which also
contributes equally. Then,

1
Fllj lOOP 2 3 ﬂhll)(/)’@//zljﬂdﬂllz){ / dJCdde
om;; 1 1 u?
X [ AU’ 2¢;i (— —yg + In[dz] — 3 + lnA—U)

+ O(e)l&(x—ky—i—z— 1). (C5)

Here, we are using the on-shell renormalization scheme
to remove the divergence from >l 1 ~10% v calculating
the total counterterm -, ; & from nggs mediated annihi-
lation amplitude >, ;I /1 oo _ =>,,;T r- 1(’Op( Pa = —Da)s

and we are choosing the DM relic densr[y observation
|

”14151//2;( )i+ my,) (=idgy,,)ilds + 7 +m

FIG. 20. One-loop Feynman diagrams contributing to the Z¢p¢p
interaction term, where {i, j = 1,2}.

scale as the physical renormalization scale, i.e., g7 = (p, +
i)’ = 4m¢ [53], to cancel the pole in the Eq. (C5),

) /1—loop
2% ==21
ij

The total amplitude at ¢ — 0 and ¢ — O then becomes

(Co)

r
qh—>4m¢

= —idpgp+ Zrl oorl N ()
t—0 W qh—>4m¢
with
Y, .
/1]1)-(2)(2 = Esln 26,
Y, .
/1},)-“)“ = - ESII’I 20,
Apwszs = Aig, = Y2 5100,
Apwoiy = Ay, = —Y2c080,
Y,
gy = Mgy, = —7§cos 26.

In Fig. 19, we show the variation of Higgs-mediated loop
amplitude L, in the color bar in the Am-Y, plane.

Next, we calculate the one-loop contribution of the
Z-mediated diagram, see Fig. 20, for the pFIMP-nucleon
direct search cross section:

) ( %ﬂz;ﬁ;ﬁ)i(% + 1{"1' m)(j)

Voo [

(g2 + p)* —m3, + l€]

[(q4 + p)* — my, + ie]

- _4’1451//21/1451//2;{/12%1; / (2”)4

= [ (m"’z Xj +Pp+pq4)q2 +(m‘l’2 i T P-D+D. 612)614
[p? = my, +iel[(q2 + p)* —mj, + iell(qq + p)* — mj, + ie]

(m)(,-m)( + ny, My, + ml//zm)(J +p.p—q %)Pﬂ

[p? —my, +i€l[(g2 + p)* —m;,

+ i€][(qs + p)* = my, +ie]]
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Using Feynman parametrization [ = p + yq, + zq4, we define,
A = (y +2)(y + 2 = 1)myg — tyz + xmy,, + ymy, + zmy, (C9)
5mlllj = [mylzm)(j - (mlllgm/'[/j + ml//zm)(i + m;(im)(j)y + tyz(y - 1) - mg’;(z + (y - 1)()’ + Z)ZHQ%
+ [my,my, = (my,my, +m, m, +m,m,)z+tyz(z = 1) =my(y + (2= Dy + 2)2)]614,,7 (C10)
¢ = (1=Y)q2, + (1 = 2)qy,, (C11)

and using the dimensional regularization method, we can write,

y 1 d*l Smyl + ¢, P = 2yq5l,l, — 224141
L = _8’1¢W/’1¢Wi’12)(mA dXdde/ (2n)* M[lz Ry i2]3 Es(x+y+z-1)

i I my] 1 y
= @%mﬂtﬁwiﬂzzm A dxdydz [A: - (2¢, - Y4, — zq4ﬂ) <€ —ye + In[4zu®] — In Az/)

-l—c,,—i—@(e)}é(x—i—y—kz— 1), (C12)
where

Apyry = Apipy, = —Y2080,

Apystr = Apiprz, = Y2 5100,

g . mz .

gy = sin> @ = —~sin’ 6,
2cos 6, v

g my

Ay = cos? @ = —=cos? 6,
*  2cos0, v
o o g . _mgz .

A2z = Az = msmecose = TSmé’cos 0.

w

In a similar way to the Higgs mediated diagram, a factor of 2 has been multiplied in Eq. (C12) for the antiparticles in the
loop, and the total amplitude becomes

-2yt
ij=12

: Z /1 Z /ld d d ;l]
P z)(-‘[¢ Ay X e
27[2 i WX i PV i LXK 0 yaz i

1 y
— (2, = ¥q2, — 294,) (E — 7g + In[47u*] — In A”) +c,+ O(e)] S(x+y+z-1),

i 1 5m” ..
vy Z Ayt Ao Az, A dxdydz [A—: +(2¢, - Y, = zq4y) In A’f] S(x+y+z-1),
ij=12

_ O’
m)(] =m12

—>L;(q5, +qa,).

My Fiy

We have cross-checked our analytical solution with Package-X [91] and FeynCalc [92]. In Fig. 21, the color bar represents the
variation of Z-mediated loop amplitude L, in Am-Y, plane.
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FIG. 21. One-loop amplitude for the Z-mediated process.

APPENDIX D: DIRECT DETECTION CROSS
SECTION OF PFIMP AND WIMP

After the amplitude, we calculate the cross section here.
The Feynman diagrams for DM ¢ scattering off a nucleon
at tree-level and one-loop level are shown in Fig. 10.
For the Higgs mediator, the tree-level contribution is
negligible because of tiny h¢¢ coupling that we have
assumed, justifiably, in the pFIMP scenario. The dominant
Higgs-mediated contribution therefore comes from the
one-loop diagram. The two interaction vertices involved
|

| g 1
Li=7 COSQWJ’”E(C[‘I/—CZVS)

mgz

Lz _
- =y —5ar'q(qa, + 4s,)9
v my

q

cy Ly
= ——qr"qcb(qz + q4,),
v my

= biqr'qd(qs, + q4,)9-

The matrix element for Z-mediated pFIMP-nucleon
scattering N¢ — N¢ is as follows, assuming Let,

L7 = Lz(q5, + qa,),

iM%, = bilan(q3)r"un(q)](q2, +qa,). (D7)

Here b% is the DM-nucleon effective coupling. As the sea
quarks and the gluons do not contribute to the vector
current, only valence quark contributions add up due to

L
a—5b(a>, + 41,) .
myz

in the loop-induced Higgs-mediated process are L, h¢¢p and
%hqq; the effective Lagrangian at the parton level can be

written as

h my 1 o~
Ll =L, ——qqpd = frqqde. (D1)
v my

The matrix element for a scattering N¢p — N¢ via Higgs
mediation, where N stands for nucleon, is the following:
’MN¢ = aylay(g3)un(q1)], (D2)

where af, is the effective DM-nucleon coupling and the
relation with quark level coupling is

Ih Ih
= "+ =2 ) > s (D3
27 £~ m
q=u.d.s q=ud.s g=c.b.t" "4
The nuclear form factors are defined by [93,94]
(Nlm,qq|N) = myf} (NIN)(g = u.d.s). (D4)

See Table IV for the numerical values of the form factors.
The matrix element squared for the Higgs mediated process
then turns out to be

1
M3 ¢|2 ) Z M3, ¢|2 = dmylag|*.

all spin

(D5)

The effective Lagrangian for Z-mediator direct search
process can be written as

(SI+ SD)

(SD)

(D6)

|
the conservation of the vector current, which gives us
b, =2b, + by and b, = b, + 2b,. So the effective DM-
nucleon couplings can be recast in terms of quark level
couplings as [95]

bZ = 2b% + b7,
Cil/ [LZ

vV ny

by = bf + 2b%; where b =

The matrix element squared turns out to be
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TABLE IV. Values of the nuclear form factors f’}’m.

Nucleon f 1}]“ ¥ y f 17\-2 I}IG f I}IC ]7\',,, f ]Tvr
Proton 0.018(5) 0.027(7) 0.037(17) 0.917(19) 0.078(2) 0.072(2) 0.069(1)
Neutron 0.013(3) 0.040(10) 0.037(17) 0.910(20) 0.078(2) 0.071(2) 0.068(2)
2 |b |2 M v
M5 Nol” = > ——Tr[(g5 + my)y* (4, + my)y ](112” + 44;,)(6120 +q4,)s
= 4|b5|*4mZmy,  as initially the nucleus is in rest, g, ~ {my, 0}. (D9)

The Z and Higgs mediated cross term is

M TMGg] = 5 S 106 a2 (1)) (s, + a5, ) ey a2 ().

all spin

= 2mNb§af‘\,4m(/,mN, as initially the nucleus is in rest, g; ~ {my, 6}

= 8m3m, b7 af. (D10)
In a similar way,
- 1 _ l
|MN¢||M "= B Z [b% (an (g3)r* ”N(‘]l))(% + 4qa, )MaN<”N(Q3)”N(QI)>]
all spin
= SmNm¢bNaN (D11)

The spin-independent pFIMP — nucleon scattering cross section in the nonrelativistic limit, assuming the initial nucleon
is at rest, is given by [96]

1 & q3 d344
dmymylw —vy| ) (27)2my (27)*2m,

:/ |IMZ s+ My

47[2(4m¢mN) lw— vyl

(MG + My P (27)*6% (g1 + 42 — 43 — q4)

G¢N

dq3d*q48(Ey + Ey — E3 — E4)8° (4 + G2 — 3 — 44). (D12)

From energy conservation,

’

2”¢N§2‘63 = m¢‘53 2
|g5| = 2ugywcos 6, (D13)
where w, vy are the initial velocities of DM and the nucleus. We have assumed that in Lab-frame, the nucleus initially is at

= 0, so the relative velocity between DM and nucleus becomes w. The angle between g, and g5 is 6. Then
Eq. (D12) becomes

M5, + ? L.
OpN = W( 7|Gsld cos 0d| G |*)d® q46(E| + Ey — E3 — E4)8° (4 — G5 — §a).

_ KN ‘ +2m¢bz* (D14)
4ﬂm¢

Let us now turn to WIMP direct search cross section. The Feynman diagrams corresponding to WIMP DM y, scattering
off a nucleon at tree level are shown in Fig. 8. The two relevant interaction vertices for Higgs mediated interaction are
Ay 121 and %hqi]. The effective Lagrangian for spin-independent direct search process can be written as
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m

1 o o
Ll = —"m—%’lhx.;.qqu = Flqayij, (D15)

where 4,5 = —\l;—Lsin 20 in our model. The matrix

2
element for a scattering Ny; — Ny; via Higgs mediation

(N stands for nucleon) is the following:
iMy, = pyliay(gs)uy (g, (g4)u,,(42)],  (D16)
where S is the DM-nucleon coupling, related to the quark

level coupling F Z following Eq. (D3). The amplitude
squared is

M P = 3 UM, P = 162 m g

spin

(D17)

For Z mediator, only the vector term contributes to the
spin-independent (SI) cross section, and the effective
Lagrangian is

my 1 _
LE = . N (¢t = cir)airn (SI+SD)
Z
my cy,
—5 Az @rarv (SI)
Z
= Bq)?l?’”)(léh% (DIS)
where, 1, , = “£sin® 6.

The matrix element for Ny; — Ny, scattering via Z
mediation is

iM%, = BXluy(q3)r*un (1)), (94)7,41y,(g2)].  (D19)

where B% is the DM-nucleon coupling and is related to the
quark level coupling B, followed by the Eq. (D8). Finally,
the amplitude squared for Z mediation is

N)(] Z|MN)(1 = 16m mN‘B |2

spm

(D20)

In a two-component framework, the effective spin-
independent y| N scattering cross section becomes [3,97]

Q He
O.SIN _ 4! PN |/}h —I—BZ (D21)
X1V eff Q){l + Q Js
where u, v = m, my/(m, + my) is the WIMP-nucleon

reduced mass, w1th My ~ 0.939 GeV. The Z mediated
direct search for the WIMP provides a stringent constraint
on the WIMP parameter space reducing the singlet-doublet
mixing angle significantly.
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