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The absence of confirmed signal in dark matter (DM) direct detection (DD) may suggest weak
interactions of DM with gluons and light quarks. In this work we consider a real scalar dark
matter S interacting dominantly with Ui = cR, tR via a vector-like fermion ψ and new couplings
yi with i = 2,3 being flavor index. DM-nucleon scattering proceed through both Higgs portal
(HP) and vector-like portal (VLP), in which HP can receive sizable radiative corrections from
VLP. DM-heavy quark (cR, tR) interactions generate DM-gluon scattering via loop, in which we
include renormalization group equation and heavy quark threshold effects. For y3 = 0.5,y2 =

0.5,1,3, DM relic abundance, XENON1T, Fermi-LAT and 13 TeV LHC data can exclude most of
mS < mt/2. FCNC of top quark exist at both tree and loop level and the branch ratios are typically
below 10−7 and safe from the current measurements.
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1. Introduction

The existence of Dark Matter (DM) has been suggested in multiple astrophysical and cosmo-
logical observations. Although about 80% of the matter content of the Universe consists of DM
and various experiments have been searching for DM signals including the collider experiments,
Direct Detection (DD) and Indirect Detection (ID), no confirmed non-gravitational signal of DM
has been confirmed.

In this work we extend our previous study [1] on DM-top quark interaction, and [2] by others
on DM-light quark interactions. We introduce a real scalar singlet DM S to the Standard Model
(SM) which couples exclusively to the SU(2)L singlet up-type quarks uR,cR, tR through a vector-
like fermion mediator ψ . The new Yukawa-type interactions beyond the SM are

LYukawa = −y1SψLuR− y2SψLcR− y3SψLtR +h.c., (1.1)

where ψ has the same gauge quantum number as uR,cR, tR. We assume mS < mψ and impose an
odd Z2 parity to S,ψ to stabilize DM. This odd Z2 parity also forbids the mass mixing between DM
and SM Higgs h.

We note that both the S− u coupling y1 and the Higgs Portal (HP) have been studied in the
existing literature and strongly constrained, especially from the DM DD, which would make it
difficult to reveal the effects of DM-heavy quark interactions y2,y3 through the Vector-Like ψ

Portal (VLP). Therefore we focus on the DM-heavy quark c, t interactions by imposing

λ
ren.
SH = 0, y1 = 0. (1.2)

2. Phenomenology

Apart from the SM Higgs-mediated DM-nucleon scattering at tree-level, the new diagrams we
consider are presented in Fig.1, all of which generate Wilson coefficients at the order of O(y2

i ) at
µEFT = mZ . Note that the HP diagrams only generate scalar-type interactions while VLP generates
both scalar-type and twist-2 operators [3].
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Figure 1: Diagrams for calculating the Wilson coefficients at the order of O(y2
i ) at µEFT = mZ .

1



P
o
S
(
I
C
H
E
P
2
0
1
8
)
3
4
9

Heavy quark-philic scalar dark matter with a vector-like fermion portal Peiwen Wu

The relevant DM annihilation processes include SS→ q̄iq j with qi, j = t,c, co-annihilations
and even loop processes SS→ gg. We perform the numerical calculations using micrOMEGAs
[4, 5] with models files generated by FeynRules [6].

We consider the data from Fermi observation of dwarf galaxy [7] to constrain the DM annihi-
lations in today’s Universe. We construct a function of photon number produced in a single DM
pair annihilation:

Nth
γ = 2Nγ,t(mS)×σv(SS→ tt̄)s +2Nγ,c(mS)×σv(SS→ cc̄)s (2.1)

+
(

Nγ,t(Et)+Nγ,c(Ec)
)
×σv(SS→ tc̄+ ct̄)s +2Nγ,g(mS)×σv(SS→ gg)s ,

Nexp
γ = 2Nγ,b(mS)×σvbb̄(mS),

where Nγ, f (E f ) is the photon number produced by a single fermion f . We require Nth
γ . Nexp

γ .
The Flavor Changing Neutral Current (FCNC) processes of top quark can be generated at both

tree level t→ T (∗)S→ cSS and loop level t→ c+ γ/g/Z, with diagrams shown in Fig.2.

t
ψ

c

S S

t

S

ψ ψ

V = γ, g, Z

c

Figure 2: FCNC processes of top quark in this model.

The main collider signals are /ET + {tt̄, j j, t j} coming from the pair production pp→ ψψ

followed by ψ → S+ t/c. We consider the tt̄, j j signals which are similar to the supersymmetry
(SUSY) searches for stop and first two generation squarks pp→ t̃∗t̃, q̃∗q̃.

3. Combined results

In Fig.3 we present the combined results of the constraints from DM relic abundance Ωh2 '
0.12, DM direct/indirect detection and 13 TeV LHC data, as well as the theoretical predictions of
top FCNC for y3 = 0.5 and y2 = 0.5,1,3. We found that with increased y2, the combined data
can exclude mS . 100 GeV when scalar S provides the whole DM components, and the top FCNC
branching fractions are usually below 10−7 which is still safe from the current limits 10−4 ∼ 10−5.

4. Conclusion

In this work we considered a real scalar dark matter S interacting dominantly with SU(2)L

singlet Up-type quarks Ui = cR, tR through a vector-like fermion ψ which has the same quantum
number as Ui. The DM-nucleon scattering can happen through both SM Higgs-mediated Higgs
portal and ψ-mediated vector-like portal. For the benchmarks y3 = 0.5,y2 = 0.5,1,3, combined
results from observed DM relic density ΩDMh2 ' 0.12, XENON1T, Fermi-LAT, 13 TeV LHC data
can exclude DM mass mS < mt/2 when only DM-{c, t} interactions are considered. New FCNC
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Figure 3: Combined results. Left: mass spectrum required by correct relic density confronting the ex-
cluded region by DM DD/ID and 13 TeV LHC data; Right: predicted top FCNC branching fractions while
satisfying ΩDMh2 ' 0.12. Panels from left to right correspond to y2 = 0.5,1,3 with universal y3 = 0.5,
respectively.

of top quark can be generated at both tree level t → ψ(∗)S→ cSS and loop level t → c+ γ/g/Z,
and the branching fractions are typically below 10−7 after passing other constraints, which are safe
from the current limits 10−4 ∼ 10−5.
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