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We perform a combined and extended analysis of effective scalar, vector, Majorana and Dirac
fermion Higgs portal models of dark matter (DM). In these models, DM couples to the Standard
Model (SM) Higgs boson via an operator of the form &py HH. For the fermion models, we
allow an admixture of the scalar Yy and pseudoscalar Wiys y interaction terms. On each model,
we impose constraints from the Planck measured DM relic density, LHC limits on the Higgs
invisible branching ratio, indirect search limits from the WMAP7/Planck observations of the cos-
mic microwave background, a combined analysis of 15 dwarf spheroidal galaxies by Fermi-LAT
and the upcoming Cherenkov Telescope Array (CTA) as well as the direct search limits from the
LUX and projected XENONIT experiments. We find in line with previous studies that the direct
search experiments will continue to exclude large portions of the model parameter space. Due to
the momentum suppression of the direct search cross section in the case of a pure pseudoscalar
interaction of a fermionic DM candidate, future indirect searches are the only class of experiments
capable of probing the high mass range of the theory.
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1. Introduction

The Standard Model (SM) of particle physics has been very successful at explaining all the
non-gravitational interactions of the ordinary matter. However, it does not provide any viable can-
didates for Dark Matter (DM) which makes up ~ 85% of the total matter density in our Universe.
Therefore, possible candidates for DM are looked for in theories that lie beyond the SM (BSM).

In the Higgs portal scenario, DM interacts with the SM particles via the exchange of a SM
Higgs boson [1]. These models are motivated by the simplicity in the required BSM particle content
and the operator H'H being one of the two lowest-dimensional gauge-invariant operators in the
SMm.!

Here, we present a subset of our results in Ref. [2] where a complete description of the current
and projected future limits on the effective scalar, vector, Majorana and Dirac fermion Higgs portal
models is provided. On each model, we apply currently available constraints arising from the DM
relic density, the Higgs invisible width, indirect and direct search experiments. For the indirect
searches, our current limits are based on the WMAP 7-year observations of the cosmic microwave
background (WMAP7) and a combined analysis of 15 dwarf galaxies by Fermi-LAT; for the pro-
jected future limits, we use the Planck polarization data, projected improvements in the Fermi-LAT
observation of additional dwarf galaxies and prospects for the upcoming Cherenkov Telescope Ar-
ray (CTA). Our direct detection limits are derived using the results from the XENON100 (2012)
and LUX (2013) experiments.

2. Models

Assuming the DM fields are SM gauge singlets, we consider a scalar (S), vector (V,), Majo-
rana () and Dirac () fermion DM candidate. Lagrangians for the DM fields are?

L= Losm+ %(aus)(aﬂs) — % uis? — %Ags“ — %AhsszH*H, (2.1)

Ly = Lom — %W#VW”V + % pyVy Vi — %Av(v“v“)z + %JLWV#V“H*H, (2.2)
Ly = Lsm+ %Z(ia — U)X — ;)/L\hj;(COS Oy +sinOyiysy)H H, (2.3)

Ly =Lom+V(id — py)y— )/L\”l‘l’l’(cos O Wy +sinO Viysy)H' H, (2.4)

where Zsy is the SM Lagrangian, Wy, = 8ﬂVv — 8VV“ is the field strength tensor of the vector
field V,, and H is the SM Higgs doublet. In the fermion models, cos 8 = 1(0) leads to a pure scalar
(pseudoscalar) interaction between the fermion DM and the SM Higgs boson.

After electroweak symmetry breaking (EWSB), the SM Higgs doublet reduces in the unitary
gauge to H = (0,vo+ h)” /v/2, where h is the physical SM Higgs field and vy = 246.22 GeV is its
vacuum expectation value (VEV). As a result, the H'H term generates mass and interaction terms
for the DM fields X € (S,Vy, X, ¥).

I'The other is the hypercharge field strength tensor Byuy.
2Since DM candidates are required to be stable on cosmological time scales, an assumed Z, symmetry: X — —X
for X € (S,Vy,x, v) is imposed on the DM fields.
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When sin @ # 0 in the fermion models, non-mass-type contributions appear which are purely
quadratic in the DM fields. To define a physical real mass, a chiral rotation is performed on the
post-EWSB fermion fields. Following the results outlined in the Appendix of Ref. [2], this ulti-
mately reduces to the substitution: piy (ty) — my (my) and 0 — & = 6 + o where my, (my) are
the physical masses of the Majorana (Dirac) fermion DM.>

3. Constraints

3.1 Relic density

We compute the model relic density, the annihilation cross section vy and the gamma-ray
yields per annihilation using the publicly available software micrOMEGAs3.6.9.2 [3].% The
computed model relic density is matched with the Planck measured central value, Qpyh? = 0.1199
[4]. This places a constraint on the Higgs portal coupling for each DM mass.

As there is a strong possibility of a multicomponent dark sector, we define a relic abundance
parameter fi] = Qx/Qpwm to explore scenarios when the model X makes up 100% (fre; = 1), 10%
(0.1) and 1% (0.01) of the total DM density.

3.2 Higgs invisible width

The decay h — XX for X € (S,Vy, X, V) is kinematically allowed when mx < mj/2. This
contributes to the SM Higgs invisible width (I, ).

To impose the Higgs invisible width constraint, we use the results of Ref. [5] where an upper
limit of 19% on the SM Higgs invisible branching ratio BR(h — XX) at 20 C.L. is obtained after
combining fits from all the Higgs production and decay channels probed by ATLAS, CMS and the
Tevatron. Using the upper limit on BR(h — XX) and the expressions for [,y in our models, an
upper limit is placed on the Higgs portal coupling for DM masses up to my, /2.

3.3 Indirect detection

We impose the indirect search limits using a combined log-likelihood function. The current
indirect search limits come from a 7-year observation of the cosmic microwave background (CMB)
by WMAP [6] and a combined analysis of 15 dwarf galaxy observations by Fermi-LAT [7]. The
projected future limits are obtained from the Planck polarization data, projected improvements in
the Fermi-LAT sensitivity towards observation of additional dwarf galaxies and prospects for the

planned CTA [8] (for more details, see Ref. [2]).

All the indirect search signals are scaled by f2, = (Qy/Qpwm)?, resulting in suppressed signals

when the model X constitutes only a fraction of the total DM density.

3Due to the chiral rotation, the post-EWSB parameters ny .y, cos& and sin & are functions of the pre-EWSB param-
eters Uy y, cos 6 and sin O (see Ref. [2] for more details).

4The quartic self-couplings Agyy can be ignored throughout the analysis since they play no observable role in the
DM phenomenology.
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3.4 Direct detection

Our Higgs-mediated scalar and/or pseudoscalar couplings lead to a spin independent (SI)
WIMP-nucleon interaction. For the fermion models when sin& # 0, the SI cross section is sup-
pressed by ¢*/ 4m§“’,, where ¢ is the momentum transfer of the order of few MeVs.

We impose the direct limits from the LUX [9] experiment using a generalized version of the
LUXCalc 1.0.1 package[10]. The projected limits from the XENONI1T experiment are based on
scaling the 90% C.L. from XENON100 [11] by an exposure € = 100. Limits from both experiments
are appropriately scaled by fie = Qx/Qpwm to account for the possibility of a multicomponent dark

sector.

4. Results

Combined limits from indirect searches in the (my, Asy/Ay) plane are shown in Fig. 1 for
cos& =1 (left) and cos & = 0 (right).” The grey and pink shaded regions are excluded respectively
by the DM relic density and the Higgs invisible width constraints. The green shaded region where
Ay /Ay > 41 /2my, leads to a break down of the EFT approximation in DM annihilations.

When the interaction is pure scalar (cos§ = 1), the annihilation cross section Ovy is V2o
suppressed where v ~ 10~3¢ is the DM relative speed in our local halo. Consequently, the resulting
limits are weak and no exclusion of the parameter space is possible. On the contrary, when the
interaction is pure pseudoscalar (cos& = 0), the velocity suppression in Gvy is lifted and non-
trivial indirect search limits are obtained. In this case, the projected future indirect searches will
be able to exclude Dirac fermion masses up to ~ 74 GeV for the Einasto profile and between
~166 GeV and 1.3 TeV for a contracted generalized NFW profile, if y makes up all of the DM.
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Figure 1: Combined indirect search limits in the (my, Ay /Ay) plane for cos& = 1 (left) and 0 (right). The
grey (pink) shaded regions are excluded by the DM relic density (Higgs invisible width) constraints. The
green shaded region is where the EFT approximation in DM annihilations break down. Values of A,y /Ay
below the current 16 C.L. (brown solid) curve are excluded at more than 10 C.L. whereas the regions below
the future 90% C.L. curve with the Einasto (blue dashed) profile and contracted NFW (brown dotted) profile
will be excluded in the near future.

3 As mentioned in the introduction, we only present a subset of our results to meet the required page limit. Specif-
ically, we present the results for the Dirac fermion model when cos& = 1 and 0. For interested readers, see our full set
of model results in Ref. [2].
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Figure 2: Direct search limits in the (my, A4y /Ay) plane for cos§ = 1 (left) and O (right). The grey and
green shaded regions are same as in Fig. 1. The regions excluded by the LUX (projected XENONIT)
experiments are delineated with the blue dashed (blue dotted) curves and dark (light) shadings.

The direct search limits in the (ny, Ayy/Ay) plane are shown in Fig. 2 for cos§ = 1 (left)
and O (right). The LUX and projected XENONIT limits in the green shaded are subject to UV
corrections as they are scaled by fre = Qy /Qpm. Consequently, the resulting limits on my above
~ 3.3TeV (~ 19.7) TeV when cos & = 1 (0) cannot be guaranteed to keep the EFT approximation
in DM annihilations valid, if y makes up all of the DM.

When cos& = 0, the SI cross section is momentum suppressed by a factor of ¢*/ 4mfm,, re-
sulting in a small number of direct search event rates. Indirect search experiments (the right panel
in Fig. 1) are our only hope of probing the higher DM mass range in this case.

The momentum suppression of the SI cross section is lifted when cos = 1. This results
in a significant direct search event rate. The LUX experiment excludes Dirac masses up to ~
3.3 TeV. When the limits from the DM relic density, the Higgs invisible width and the projected
XENONIT experiment are combined, the entire low mass region up to n,/2 will be excluded.®
The projected XENONI1T experiment will also reach enough sensitivity to exclude TeV-scale Dirac
fermion masses, if Y makes up all of the DM.

5. Conclusions

We have performed an updated and combined analysis of effective scalar, vector, Majorana
and Dirac fermion Higgs portal models of dark matter in Ref. [2]. For the fermion models, the
DM-SM Higgs boson coupling was chosen to be either pure scalar, pure pseudoscalar or an equal
mix between the scalar and pseudoscalar terms. The presence of the pseudoscalar term and the
requirement of a quadratic DM mass term led us to redefine the post-EWSB fermion fields via a
chiral rotation.

The combined constraints on the DM relic density and the Higgs invisible width excludes
most of the low mass parameter space. When the projected XENONIT limits are imposed, low
Dirac fermion masses will be entirely excluded. Although the current and projected future indirect

SIn contrast, parts of the same region are allowed in the scalar, vector and Majorana fermion DM models (see
Figs. 4, 7 and 13 in Ref. [2] for a comparison).
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search limits are weak in comparison with the direct search limits, they are nevertheless important

(especially for the fermion models when cos& = 0).
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