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DM-SM interactions mediated by spin-one particles: EFT study
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Standard model-dark matter particles, mediated by spin one fields, are analyzed within the effective field theory framework. We [1, 2]
consider dark particles masses from few MeV to6.4 TeV. We restrict the EFT using bounds from relic density, Z invisible decay width, direct
and indirect detection limits and collider constraints. Solutions belowmZ are found for two operators. Others, around the electroweak scale
or slightly above, are also compatible with all present limits.
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1. Introduction

The dark sector comprises∼ 95% of the universe, but only
its gravitational effects have been measured. The nature of
dark energy and Dark Matter (DM) remains as one of the
most puzzling challenges of today’s Physics. Although the
dynamics underlying dark energy may be at too-large energy
scales for high-energy physics measurements, it might be that
DM could be probed in our current and forthcoming particle
physics experiments, provided it also has non-gravitational
interactions. Although motivated DM candidates masses
span∼ 40 orders of magnitude, weakly interacting massive
particles (WIMP) [3, 4] have been historically preferred, as
they can avoid direct detection limits and generate a relic
abundance matching the one derived from cosmic microwave
background radiation measurements (which requires pertur-
bative annihilation cross sections in the range of the elec-
troweak interactions). We follow this WIMP paradigm within
the most general description provided by the effective field
theory (EFT) approach [5-11]: the SM degrees of freedom
and symmetries are used in the EFT, assuming that the me-
diator mass is heavy compared to the DM and SM particles.
Specifically, our EFT, for DM-SM interactions mediated by
heavy particles, was derived in Ref. [12]. We restrict our
analysis to spin-one mediators, that have been less studied in
the literature.

In Sec. 2 our EFT [12] is introduced, highlighting the rel-
evant part of this study. Bounds from the invisibleZ decay
width and from the observed relic abundance are derived in
Sec. 3. In Sec. 4 observational limits are worked out: in Sub-
sec. 4.1 (4.2) (in)direct detection bounds are given. Collider
constraints are treated in Sec. 5. Section 6 concludes this
contribution.

2. Effective Field Theory

The dark sector must contain a stable particle, acting as DM.
So we will assume [13, 14] that there is a (unspecified) sym-
metry group,GDM group under which all the dark fields trans-

form in a non-trivial manner, whilst all SM particles will be
GDM singlets. Then, under the SM local gauge symmetry
group,GSM = SU(3)⊗SU(2)⊗U(1), the dark fields would
be singlets. DM-SM interactions mediated by the exchange
of heavy particles (singlets underGDM × GSM) are studied
within this EFT.

Dark sector may comprise vectors,X, fermions,Ψ, and
scalars,Φ. Within the WIMP paradigm, spin-one mediators
need to be feebly coupled to DM and SM particles, as en-
coded in the effective coefficientsCeff. Our EFT includes
operators of mass dimension≤ 6. Models with fermion and
scalar mediators have already been extensively studied in the
literature [9,10,15-24], therefore we focus on spin-1 media-
tors (antisymmetric tensors and vectors).

It is convenient to split our interaction Lagrangian as:

• Dark fermions (Ψ) terms:

LΨ
eff =

Υeff

Λ
BµνΨ̄σµνΨ +

AL,R
eff

Λ2
ψ̄γµψΨ̄γµPL,RΨ

+
κL,R

eff

Λ2
BµνΨ̄

(
γµ←→D ν − γν←→D µ

)
PL,RΨ. (1)

• Dark bosons (Φ, X) terms:

LΦ,X
eff =

ζeff

Λ
BµνXµνΦ +

εeff

Λ2
ψ̄γµψ

1
2i

Φ†
←→D µΦ , (2)

whereBµν stands for theU(1)Y field-strength tensor,ψ for
SM fermions and universal couplings to the SM fermions are
assumed.

In the following we typically use the single operator dom-
inance hypothesis. We also consider combined effects of the
appropriate operators.

3. Relic density and invisible decay width

Using our EFT, we employ micrOMEGAs code [25] to calcu-
late the dark matter relic density. Coefficients in the effective
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FIGURE 1. κL,R
eff /Λ2 compatible with the observed relic density

(blue dots) and the invisibleZ decay width (pink area), depending
on the dark fermion mass.

Lagrangians, in Eqs. (1) and (2), are determined so that the
observed relic abundance [26] is correctly reproduced

ΩDMh2 = 0.1200± 0.0012 . (3)

For mDM < mZ/2, the invisibleZ decay width sets
relevant restrictions on the parameters of our Lagrangian in
Eqs. (1) and (2). Reference [27] improved Bhabha scat-
tering e+e− → e+e− computation, modifying correspond-
ingly the number of light active neutrinos; which is now
Nν = (2.9975± 0.00074).

Accordingly, the experimental value of the invisible de-
cay width of theZ boson results inΓinv

Z = (501.03 ± 1.27)
MeV, which includes the SM decays to neutrino pairs as well
as any other possible unobserved contributions.

In the SM, the partial decay rate to a neutrino pair is
Γ(Z → ν̄ν) = (167.15± 0.01) MeV [28]. With three light
neutrinos with standard couplings to the Z, this yieldsΓinv

Z −
Γν̄ν

Z = (−0.42± 1.30) MeV. Thus, we employ

Γinv
Z − Γν̄ν

Z = 2.13 MeV at 95%CL . (4)

The BµνΨ̄σµνΨ operator in Eq. (1) yields Z → Ψ̄Ψ,
allowing us to bindΥeff/Λ = (Υeff/Λ)(ΓZ→Ψ̄Ψ, mΨ).

Using Eq. (4) for ΓZ→Ψ̄Ψ, we computed the region al-
lowed in themΨ − Υeff/Λ plane by this constraint, with
mΨ < mZ/2. Then we confronted this area with theΥeff/Λ
values correctly reproducing the DM relic abundance Eq. (3)
for each value of the dark fermion mass. For this operator,
BµνΨ̄σµνΨ, we found both observables compatible in the
whole regionmΨ < mZ/2.

We proceeded analogously with theBµνΨ̄(γµ
←→D ν −

γν
←→D µ)PL,RΨ operator, comparing the region allowed by

the Z invisible decay width with the values of the effective
coefficientκeff/Λ2 that correctly reproduce the observed relic
abundance. We tookκL

eff = κR
eff to decrease the number of pa-

rameters. As we show in Fig. 1, we observe suitable solutions
for mΨ & 20 GeV.

We also contrasted these two observables using the oper-
atorBµνXµνΦ. In this instance we find viable solutions for
the full rangemDM < mZ/2, as long asmX = mΦ (when
they differ by a few GeV or more, no solutions are found).

4. Observational limits

We will be discussing bounds obtained from several direct
and indirect detection constraints; using the notation:

OP1≡ BµνΨ̄σµνΨ,

OP2≡ ψ̄γµψΨ̄γµPL,RΨ,

OP3≡ BµνΨ̄(γµDν − γνDµ)PL,RΨ,

OP4≡ BµνXµνΦ,

OP5≡ 1
2i

(
ψ̄γµψ

) (
Φ†
←→
∂ µΦ

)
. (5)

Couplings that properly reproduce the observed relic
abundance, Eq. (3), will be used. For simplicity, we use
first the single operator hypothesis, but we also consider the
combined contributions from different operators when they
share dark particle candidate (fermion, or scalar and vector);
in those cases we use the following relationship between the
operator coefficientsC and theΛ scales:

Cdim6 = ±Cdim5 , Λdim 6 = Λdim 5. (6)

We are usingΛ = 2 mDM when combining operators of
different dimensionsi, which is a conservative limit for the
convergence of the effective theory [20].

4.1. Direct detection experiments

LUX-ZEPLIN [29], CRESST-III [30] and DarkSide-50 [31]
experiments have derived the currently most stringent bounds
on spin-independent scattering cross sections of nucleon-
DM particles. However, we also include limits from the
XENON1T [32] and PandaX-4T [33] experiments. Using
micrOMEGAs [25], we study the implications for our effec-
tive theory with the DM-nucleon cross sections.

Figure 2 displays the values for the WIMP scattering
cross sections per nucleon already ruled out by the direct
detection experiments. This figure’s notation is defined in
Eq. (5). Unshown operators in Fig. 2 have values for the
WIMP scattering cross sections per nucleon many orders of
magnitude below current bounds from the discussed experi-
ments. Thus, these will be the only ones considered in the
following.

4.2. Limits from AMS-02 positron measurements

Positron fluxes and the positron fraction were measured by
the AMS-02 collaboration. Reference [34] used the former to
extract stringent limits on DM properties, and to derive limits
on the lifetime for various final states and dark matter annihi-
lation cross section. We computed the DM annihilation cross
sections intoe+e− andµ+µ− using micrOMEGAs [25] and
compared them with Ref. [34] bounds.
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FIGURE 2. WIMP cross sections per nucleon for spin-independent
coupling versus dark particle mass, a)mDM < mZ/2, b) mDM ∈
[50, 10000] GeV. Notation is defined in Eq. (5). Unshown opera-
tors —OP1, OP3, and the combination of OP1&OP3— have cross
sections way below current limits.

FIGURE 3. Restrictions from AMS-02 data on the DM annihila-
tion cross sections intoe+e−, for the portal generated by OP4, de-
fined in Eq. (5). The dashed blue line was derived from consider-
ing intervals including only data with energies larger than 10 GeV,
while the limits shown as a solid line were derived from sampling
over various energy ranges [34]. This plot tests the mass region
mψ < mZ/2; masses smaller than∼ 30 GeV are not allowed.

The most stringent limits come from annihilation into
e+e−; in Fig. 3 we compare them with the DM annihila-

tion cross sections that we obtained using OP4. In this fig-
ure masses. 30 GeV are excluded by the data. Similar re-
sults are obtained using OP1, OP3 and the combination of
OP1 & OP3, where masses. 35 GeV are excluded. Collider
constraints will, however, set the most stringent bounds on
our operators —along with direct detection limits that dis-
card OP2, OP5 and several combinations of operators (see
Fig. 2).

5. Collider constraints

WIMPs (χ) pair production in proton-proton collisions at the
LHC is generated within our effective setting.

The processpp → χχj is produced when a jet is radi-
ated through initial state radiation (ISR). It would be detected
as a single jet together with missing transverse energy (/ET ).
Here, we include the ATLAS [35] monojet analysis based on
139 fb−1 of data from Run II.

We started using LanHEP v4.0.0 [36] to produce UFO
files, then we use MadGraphaMC@NLO v3.4.0 [37] to gen-
erate the processpp → χχj, connected with Pythia v8.3 [38]
for hadronization and parton showering. We used the ATLAS
detector configuration [39] in FastJet v3.3.3 [40] to simulate
the detector response. The kinematic cuts from Ref. [35]
were applied.

ATLAS measurements were derived using proton-proton
collision data at a center-of-mass energy of

√
s = 13 TeV.

Events were required to lack reconstructed photons or
leptons and have at least one jet with transverse momentum
above200 GeV. The maximum mass that we considered in
our simulations was6.4 TeV, due to LHC center-of-mass en-
ergy.

We use the data points in Fig. 4 of ref. [35] of the mea-
sured distributions ofprecoil

T . For example, in Fig. 4 we evalu-
atedmψ = 175 GeV,190 TeV and225 GeV, and only masses
larger than190 GeV were allowed. We proceeded similarly

FIGURE 4. pT distributions simulated using OP3 of Eq. (5), vs AT-
LAS data [35]. We use benchmark points for175 GeV, 190 GeV
and225 GeV. Masses smaller than190 GeV are ruled out.
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TABLE I. Summary of our results. The(mZ ± ΓZ)/2 region is excluded by indirect detection limits (see the main text for further details).

using the operators that still had allowed mass regions —
OP1, OP3, OP4 and the combination of OP1& OP3—. We
show our results next.

6. Discussion and conclusions

Our results are summarized in Table I.
The combination of collider constraints together with di-

rect detection experiments bind stringently our operators.
The constraining capacity of ATLAS measurements excludes
mainly DM particles with mass smaller than the electroweak
scale. Apart from a window belowmZ for OP1 and OP4,

remaining solutions (for OP1, OP3 and OP1±OP3) are vi-
able only for DM masses around the electroweak scale and
above. Future LHC analyses will clearly increase our reach
on WIMP DM, particularly within the setting studied here.
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i. Except for the massesmDM < mZ/2, where we employed two
values ofΛ as benchmark points,Λ = 230 GeV andΛ = 1
TeV. However, since the value ofΛ mainly impacts the sub-
dominant operator, its effects are negligible.
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