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We discuss simple extensions of the Standard Model featuring a (fermionic) stable DM candi-
date interacting with SM fermions through a Z

′
mediator. These kind of models offer a wide

phenomenology but result, at the same time, particularly manageable, given the limited number
of free-parameters, and offer a broad LHC phenomenology. We will discuss the impact Direct
and Indirect Dark Matter searches, assuming the latter to be thermal WIMPs. We will show in
particular that the combinations of the limits on the DM Spin Independent and Spin Dependent
scattering cross-section on nuclei already exclude large portions of the parameter space favored
by DM relic density, in particular if, in addition, a DM Indirect signal, like the Galactic Center
gamma-ray excess is required.
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1. Introduction

Weakly Interacting Massive Particles (WIMPs) are the most popular category of Dark Matter can-
didates. A very simple phenomenological description consists on a two particle extension of the
Standard Model featuring a DM candidate directly coupled to a single state, dubbed mediator,
which is in turn coupled with Standard Model fermions. These simple setups feature a rather lim-
ited set of free-parameters but, nonetheless, allow a description of the possible detection signals,
ranging from Direct to Indirect Detection as well as to hypothetical collider detection both of the
visible decay channels of the mediator (resonances in dilepton/dijet distributions) and decay into
DM pairs (mono-object events). In this work we will discuss a specific class of this simplified
models featuring a fermionic (dirac) DM candidate and a spin-1, namely Z

′
, mediator. We will

show in the next sections how the combination of constraints from DM phenomenology is effective
in determining the relevant parameters of the scenario under investigation.

2. General implementation

The interactions of the Z
′
with the Dark Matter candidate and the SM fermions can be schematized

through the following Lagrangian:

L = ∑
f

g f f̄ γ
µ

(
ε

f
L PL + ε

f
RPR

)
f Z
′
µ +gχ χ̄γ

µ
(
ε

χ

L PL + ε
χ

R PR
)

χZ
′
µ (2.1)

Featuring, as potentially free parameters, the gauge couplings g f and gχ and the four coefficients
ε

f ,χ
L,R associated to the left/right currents. It is nonetheless possible, compatibly with phenomeno-

logical constraints, as discussed below, to reduce the set of free parameters by fixing the values of
the couplings between the Z

′
and SM fermions. We have then considered a set of fixed assigna-

tions of the parameters ε
f ,χ

L,R , already considered e.g. in [1], summarized in tab. (1). The first three

χ ψ η LR B-L SSM
D 2

√
10 2

√
6 2

√
15

√
5/3 1 1

ε̂u
L -1 1 -2 -0.109 1/6 1

2 −
2
3 sin2

θW

ε̂d
L -1 1 -2 -0.109 1/6 −1

2 +
1
3 sin2

θW

ε̂u
R 1 -1 2 0.656 1/6 −2

3 sin2
θW

ε̂d
R -3 -1 -1 -0.874 1/6 1

3 sin2
θW

ε̂ν
L 3 1 1 0.327 -1/2 1

2
ε̂ l

L 3 1 1 0.327 -1/2 −1
2 + sin2

θW

ε̂e
R 1 -1 2 -0.438 -1/2 sin2

θW

Table 1: Summary table of the couplings of the Z
′

with SM fermions considered in this work. Notice that ε
f

L,R =

ε̂
f

L,R/D.

realizations in tab. (1), labeled as χ,ψ and η , refer to three E6 inspired theoretical setups (see
e.g. [2]). In addition we have considered assignations according the left-right and B−L extensions
of the SM gauge group, which can also be embedded in GUT frameworks based on SO(10), and
finally the very popular benchmark dubbed Sequential Standard Model (SSM) consisting into a Z

′
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coupled to the SM fermions as the Z boson. The couplings of the Z
′

with the DM will be instead
regarded as free. For phenomenological reasons it is more convenient to introduce vectorial and
axial couplings according the following parametrization:

g2Vf =
g f

2

(
ε

f
L + ε

f
R

)
, g2A f =

g f

2

(
ε

f
L − ε

f
R

)
g2Vχ =

gχ

2

(
ε

χ

L + ε
f

R

)
, g2Aχ =

gχ

2
(
ε

χ

L − ε
χ

R

)
(2.2)

where g2 = g for the SSM and g2 =
√

5
3 g tanθW ∼ 0.46 for the other models.

This parametrization reduces the number of free parameters of the theory to four, i.e. the masses
mχ and mZ′ and the vectorial and axial couplings Vχ and Aχ .

3. Correlation between dark matter constraints

In this section we show the effectiveness of the correlation among the different constraints from
dark matter phenomenology, namely dark matter Direct and Indirect detection as well as the correct
relic density according the WIMP paradigm. Such correlation can be understood in terms of a
relation of the type:

〈σv〉= f1σ
SI
χN + f2σ

SD
χN (3.1)

between the DM annihilation cross-section, responsible of the relic density and, possibly, and In-
direct Detection signal, and the two conventional components, Spin Independent (SI) and Spin
Dependent (SD), of the DM scattering cross-section on nuclei. This kind of relation has a twofold
implication. On one side it is possible to use constraints from current DM Direct Detection exper-
iments to test the WIMP hypothesis. On the other side it is possible to predict hypothetical future
signals at Direct Detection facilities by requiring that the DM features the correct thermal relic
density.
The SI and SD cross-sections (for definiteness we will report the cross-section on protons) can be
straightforwardly related to, respectively, the couplings Vχ and Aχ as:

σ
SI
χ p =

g4
2|Vχ |2

πm4
Z′

αSI, σ
SD
χ p =

3g4
2|Aχ |2

πm4
Z′

αSD (3.2)

where the factors αSI and αSD, which depend on Vf (SI) and A f (SD) as well as on the target nu-
clei (see e.g. [3] for the full expressions) allow to compare theoretically predicted cross-sections,
typically characterized by different interactions of the DM with protons and neutrons, with ex-
perimental limits, customarily casted under the assumption of same interactions for protons and
neutrons. The Z

′
realizations proposed in tab. (1) feature both non negligible SI and SD cross sec-

tions ad exception of the ψ model, missing the SI component since Vf = 0, and the B−L model,
missing the SD component since A f = 0 1.

1In reality the missing component are originated by ’crossed’ combinations like e.g. V f Aχ (see [4] for a review).
However in these cases the cross-section are suppressed by powers the momenta of the incoming dark matter particle
and result much below current experimental sensitivity. As a a consequence they will be neglected in our analysis.
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The DM annihilation cross-section can be as well casted in terms of the couplings Vχ and Aχ . A
particularly simple expression is obtained, away from s-channel resonances, once the conventional
velocity expansion is performed:

〈σv〉 f f̄ '
g4

2m2
χ

2πm4
Z′

∑
f

n f
c
(
|Vf |2 + |A f |2

)
|Vχ |2

[
2+α

2

(
m2

b
m2

χ

|Ab|2

∑ f (|Vf |2 + |A f |2)
+

m2
t

m2
χ

|At |2

∑ f (|Vf |2 + |A f |2)
+

v2

6

)]

=
m2

χ

2µ2
χ p

∑
f

n f
c
(
|Vf |2 + |A f |2

)
[

2
σSI

χ p

αSI
+

σSD
χ p

3αSD

(
m2

b
m2

χ

|Ab|2

∑ f (|Vf |2 + |A f |2)
+

m2
t

m2
χ

|At |2

∑ f (|Vf |2 + |A f |2)
+

v2

6

)]
(3.3)

where α =
|Aχ |
|Vχ | and n f

c is the color number.
Interestingly, in the simple limit considered, the ratio between the dark matter annihilation cross-
section and the SI/SD scattering cross-sections is independent from the mass of the Z

′
. It is then

possible, by computing the ratio between the annihilation cross-section and the SI cross-section,
which is strongly constrained by LUX experiment [5], to determine, for each Z

′
realization, the

value of α , as function of the DM mass, compatible with the correct relic density, as obtained by
imposing the value 〈σv〉 ≈ 3×10−26cm3 s−1:

α ≈ 1.1×103

√
αSI

∑ f n f
c |Vf |2 + |A f |2

(
〈σv〉

3×10−26 cm3s−1

)1/2
(

σSI
Nχ

10−44 cm2

)−1/2( mχ

100GeV

)−1

(3.4)
As evident, due to the strong constraints on the SI cross-section, the WIMP paradigm seems to
favor axial-type couplings between the DM and the Z

′
. We can then determine a prediction of the

SD cross-section as function of 〈σv〉:

σ
SD
Nχ ≈ 1.6×10−37 cm2 αSD

n f
c ∑ f |Vf |2 + |A2

f |

(
〈σv〉

3×10−26 cm3s−1

)( mχ

100GeV

)−2
(3.5)

which can be probed by current or, possibly, next future experiments.
As an example we have compared, in fig. (1), eq. (3.5) with the limit on the SD cross-section on
proton as recently given by the PICO collaboration [6], being the most stringent up to now. Remark-
ably, current constraints are already capable of probing the thermal dark matter hypothesis. For the
Z
′
realizations considered, thermal dark matter is excluded for masses below 100−150GeV.

The result discussed above can be also applied to determine possible prospects for Dark Matter
Indirect detection by mean, again, of eq. 3.1 in which, this time, the left hand side represents the
value of the cross-section responsible of hypothetical indirect signals. It is interesting, in particular,
to investigate whether the framework under consideration can account for the Galactic Center (GC)
gamma ray excess [7], possibly originated by a DM candidate with mass of approximately 50 GeV
annihilating into bb̄ with a cross-section of the order of thermal one. This last requirement implies
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Figure 1: Left panel: Values of the predicted SD scattering cross-section on protons by imposing the correct DM relic
density for the considered Z

′
realizations. These values are confronted with the experimental limit (magenta dashed lines)

from PICO (proton). For each model the regions above the magenta curves are excluded by DM direct detection while
below the solid lines only non-thermal production of DM is viable. Right panel: The same as left panel but highlighting
the excluded regions. For more clearness we have focused on just one Z

′
realization, namely the SSM.

a DM annihilation cross-section approximately constant between the time of freeze-out and present
time and is accomplished only if it is dominated by the s-wave term, independent on the velocity.
As evident from the second line of eq. (3.3) a sizable s-wave contribution is provided only by the
vectorial coupling Vχ , being the one associated to Aχ chirality suppressed. However, in order to
comply with limits from the SI cross-section which require Vχ � 1, one has to rely on the axial
contribution for achieving the correct relic density. As consequence of the mentioned chirality sup-
pression, the DM annihilation cross-section is velocity dependent and a strong mismatch between
its value at thermal freeze-out, corresponding to v∼ 0.3, and the present time value, corresponding
to v→ 0, arises. The only possible exception is constituted by the E6ψ realization for which Vχ is
substantially unconstrained since Vf = 0 and, then, no sizable SI cross section is induced.

Figure 2: Left panel: DM matter annihilation cross-section, as function of the DM mass, at the time of DM freeze-out
for the considered Z

′
realizations. The couplings Vχ and Aχ have been fixed to their corresponding limits from DM DD.

Right panel: The same as left panel but considering, instead, the annihilation cross-section at present times. The dashed
lines represent current limits from Dsph by Fermi (cyan), their next future projection (blue) and limits by antiprotons
(gray).

We have shown in fig. (2) two illustrative plots reporting the annihilation cross-section at freeze-
out (left panel) and at present times (right-panel) as function of the DM mass and for couplings

5



P
o
S
(
E
P
S
-
H
E
P
2
0
1
5
)
3
9
6

Simplified Z
′

scenarios Giorgio Arcadi

fixed with respect to the corresponding limits from Direct Detection. For the B− L and E6ψ

models, featuring DM couplings not strongly constrained by DD, we have set Aχ,B−L = 0 and
Vχ,E6ψ

= Aχ,E6ψ
. For simplicity, a common value of mZ′ = 550 2 has been assumed. Values of the

thermal cross-section compatible with viable relic density normally correspond to very suppressed
present time cross-section, below current experimental sensitivity. The only exceptions occur in the
case of s-channel resonances, i.e. mχ ∼ mZ′/2, and for mχ > mZ′ when the additional annihilation
channel χ̄χ→ Z

′
Z
′
is open. The discussion of the high DM mass regime is not in the purpose of this

work and will be left to further study. The only realization featuring a sizable s-wave annihilation
cross-section is the E6ψ due to the absence of constraints on the SI cross-section. In this case
the annihilation cross-section can largely exceed, even at present times, the thermal value. In this
kind of scenario effective complementary constraints to the ones from PICO come from Indirect
Detection limits, namely gamma rays from Dsph [8] and AMS antiprotons [9].

4. Conclusions

Simplified DM models are a very simple but, at the same time, powerfull tool for interpreting the
outcome of Dark Matter searches and, more in general, searches of New Physics. We have dis-
cussed in this work a specific example, consisting into and extension of the Standard Model with
a Dirac Dark Matter candidate and a Z

′
mediator. We have shown the effectiveness of the correla-

tion among different Dark Matter searches and the requirement of the correct relic density. Direct
Detection favors DM axially coupled with the Z

′
unless particular assignations of the couplings

with SM fermions, like e.g. in the E6ψ realization, are considered. In this last case complementary
constraints are provided by Dark Matter Indirect Detection.
Acknowledgements:G.A. acknowledges support from the ERC advanced grant Higgs@LHC. G.A.
thanks the organizers for the chance of giving this contribution.

References

[1] T. Han, P. Langacker, Z. Liu and L. T. Wang, [arXiv:1308.2738 [hep-ph]].

[2] P. Langacker, Rev. Mod. Phys. 81 (2009) 1199 [arXiv:0801.1345 [hep-ph]].

[3] G. Arcadi, Y. Mambrini, M. H. G. Tytgat and B. Zaldivar, JHEP 1403 (2014) 134
[arXiv:1401.0221 [hep-ph]]; G. Arcadi, Y. Mambrini and F. Richard, JCAP 1503 (2015)
018 [arXiv:1411.2985 [hep-ph]].

[4] M. Cirelli, E. Del Nobile and P. Panci, JCAP 1310 (2013) 019 [arXiv:1307.5955 [hep-ph]].

[5] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112 (2014) 091303 [arXiv:1310.8214
[astro-ph.CO]].

[6] C. Amole et al. [PICO Collaboration], Phys. Rev. Lett. 114 (2015) 23, 231302
[arXiv:1503.00008 [astro-ph.CO]].

[7] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N. Portillo, N. L. Rodd and T. R. Slatyer,
[arXiv:1402.6703 [astro-ph.HE]]; F. Calore, I. Cholis, C. McCabe and C. Weniger, Phys.
Rev. D 91 (2015) 6, 063003 [arXiv:1411.4647 [hep-ph]].

2For some of the realizations considered this value is already excluded by collider searches. Fig. (2) should be
intended as an illustration. Our conclusion do not sensitively change by considering more realistic values of mZ′ .

6



P
o
S
(
E
P
S
-
H
E
P
2
0
1
5
)
3
9
6

Simplified Z
′

scenarios Giorgio Arcadi

[8] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. D 89 (2014) 042001
[arXiv:1310.0828 [astro-ph.HE]]; FERMI Symposium Nagoya, talk by Brandon
Anderson, October 24th 2014.

[9] G. Giesen, M. Boudaud, Y. Génolini, V. Poulin, M. Cirelli, P. Salati and P. D. Serpico, JCAP 1509
(2015) 09, 023 [arXiv:1504.04276 [astro-ph.HE]].

7


