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Figure 3. Contours of the Higgs DM coupling (yrxx ) needed to produce the measured DM relic
abundance, as a function of the reheat temperature and of the DM mass for mg = 500 GeV and
sinflp, = 0.1. The white region corresponds to ypxx > 1. The white curves separate regions of
parameter space where different contributions dominate dark matter production, as specified by the
labels. The red curve represents the LHC bound on Higgs invisible decays (see Sec.5.1.1), whereas
the orange curve represents the constraints from current direct detection data from XENONIT [31]
{see Sec.5.2).

be qualitatively similar to those in the previous (scalar) subsection, but with some crucial
differences. In particular, in the kinetically mixed scenario, due to the dependence of the
mixing angle on the ratio of the Z, 2’ masses (see Eq.(2.5)), we will find that the heavier
mediator as well as the interference term play a more important role. In the L, — L. scenario,
only the Z’ contributes to the dark matter abundance.

3.2.1 Contributions to Dark Matter Freeze-In

In the EFT framework, the relevant interactions are derived from the four-fermion dimension-

6 operators - (fyuPLf)(X7*X) and 2 (FyuPrf)(Xy*X), with Pp p the left-handed and
L R

right-handed projection operators, respectively, and the coefficients Ar_p given by

1 gLRrgx IrL.rIx

T 3 2
ﬁL,R mz mg

(3.5)
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Figure 5. Value of egpgp needed to obtain the measured relic abundance as a function of mg.
and Ty for my = 1 GeV. The white curve separates regions of parameter space where different
contributions dominate dark matter production, as specified by the labels. We also show bounds from
LHC searches for a heavy Z' decaying into a lepton pair: the grey curve represents the CMS bound
[32]; the black curves represent the stronger bound between the ATLAS [33] and CMS [34] searches.
For the LHC bounds, we fix gngp = 3 % 1078 (solid curves) and 3 x 10~% (dashed curve).

sets of parameters, gpgp = 3 x 107° (solid curves) and 3 x 10~° (dashed curve). Thus LHC
constraints can be quite strong in the region of parameter space of interest if gpgp is small.

3.2.3 Modified Vector Mediator: L, — L

In this section, we study dark matter freeze-in in the L, — L. model. The main difference
between this framework and the kinetically mixed Z’ model is that the heavy Z’ mediator here
couples directly to both dark matter and SM particles (muon and tau leptons and neutrinos)
without requiring mixing with the SM Z boson. We have checked that processes mediated
by the SM Z boson, which acquires a coupling to DM via loop-suppressed mixing effects (see
Eq. (2.9)), are suppressed and negligible. Therefore, Z' mediated processes dominate the dark
matter production and phenomenology.

— 15—



10 20 30 40

TRH/GeV



1000,

2 100}

}é Ly-Le Scalar

I 2z
1} :
002 004 006 008 0.10

Tru [ Mined

Figure 7. Ratio of the dark matter relic abundance from the full calculation to that obtained in
the non-resonant EFT approximation, as a function of Try /Mpeq. From left to right, the curves are
for the L, — Ly model with Myeq = mzr = 0.1,1,10 TeV (red, blue, orange curves respectively),
the scalar model (green curve, with M., = my) and £" kinetic mixing model (purple curve, with
Mpeq = mgz). For all curves, the couplings are chosen such that the full caleulation gives the correct
relic abundance for my = 1 GeV.

We plot the ratio Yrun/Ynon—res, where Yy is the dark matter relic abundance from the full
calculation (including resonance effects), whereas Y,0n_res is the abundance obtained from
the EFT approximations (obtained by dropping the s dependence in the denominators of the
matrix elements). We use the values of the couplings that give the correct relic density for
mx = 1 GeV with the full calculation. This ratio is plotted as a function of Try [Mmed,
where M,,.; is the mass of the mediator that provides the largest contribution. From left to
right, the curves are for the L, — L, model with M, .4 = mgz = 0.1,1,10 TeV (red, blue,
orange curves respectively), the scalar model (green curve, with M;,.q = my) and Z' kinetic
mixing model (purple curve, with M0 = mz).

At low values of Tryy /Moned, Y puit/Ynon—res = 1 for all curves, showing that the EFT gives
the correct dark matter relic abundance for sufficiently low Try in all cases. As Ty [Mmea
increases, an increasingly larger fraction of the thermal distribution of SM fermions can
access the s-channel resonance regime, resulting in deviations from the EFT calculations.
Recall that the matrix elements scale as [M|? ~ 1/M? _, in the non-resonant EFT limit but
as |[M|? ~ 1/M2_,T'2 _, in the resonant regime. Therefore, the deviation from the EFT result
is controlled by the magnitude of I',,.; relative to M,,,.4: smaller widths, i.e. smaller values
of I'eq/Mopeq Tesult in earlier deviations from the Y/ Ynon_res & 1 limit. This is indeed
visible in the plot: the Z’ boson in the L, — L. model has tiny couplings to the dark and SM
particles, therefore a very narrow width, and thus begins to deviate from the EFT calculation
already at Ty /Mz = 0.025. The scalar curve deviates next at Ty /M}, =~ 0.035, since the
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Figure 10. The size of the coupling yr needed to produce the correct relic density from wvarious
processes as a function of the reheat temperature, Try, for S coupling to the right-handed electron
eg (top panel) and to the right-handed top-quark tg (bottom panel), for my = 1 GeV and mg, =
1200 GeV. The dashed curve in the electron plot 15 the EFT approximation. In the shaded regions,
coannihilation processes are rapid enough to produce a thermal DM population.

4.2 Cosmological History

We now turn to a discussion of the interplay between the above contributions in setting
the correct dark matter relic density from freeze-in. Fig. 10 shows the relative contributions
of the various channels as a function of Try for mx = 1 GeV and mg, = 1200 GeV for
scenarios where the mediator couples to ep (top panel) or {p (bottom panel). Here, we
choose mg, = 1200 GeV for the mediator mass in view of strong constraints from LHC
searches (see Sec. 5.1.3).

For the electron case (top panel of Fig. 10), the EFT approximation from Eq. (4.1) (dashed
blue curve) closely matches the full calculation for ete~ — X X (solid blue curve) throughout,
as no strong resonance features are present for a t-channel mediator. The contribution from
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Figure 11. Contours of the coupling yr needed to produce the correct relic density as a function
of the reheat temperature, Tgy, and mediator mass, mg,., for my = 1 GeV, for scenarios where
the mediator couples to the right-handed electron (top panel) or the right-handed top quark (bottom
panel). Red curves separate regions where different processes dominate dark matter production, as
denoted by the labels (see text for more details). The dashed grey curve in the bottom panel denotes
the approcdimate lower bound on mg,. from the LHC.
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