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1. Introduction

2. Dark Matter in Cosmology
The Dark Matter (DM) has been discovered by Zwicky[1, 2] in clusters of galaxies, more than
80 years ago. An important confirmation was given by Rubin and collaborators[3], around 50 years
ago, that the rotational mass of the halo of the nearest galaxy, M 31, was ten times larger that the
luminosity mass. The cosmological evidence for dark matter becomes everyday stronger from the
results of the study of the Cosmic Microwave Background (CMBR) with the Planck satellite[4].
The more recent fit of the CMBR small scale fluctuations favors a flat Lambda Cold Dark Matter
Model (ΛCDM ), with about 30% of DM with an absolute density in the present Universe:
1
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In the last year ∼840 papers have been
uploaded to the “physics” section of the
arXiv database, with the words “dark matter” in the title. Most of these are already
published on refereed scientific journals. In
Fig. 1 is shown my personal interpretation of
the breakdown in the various the field of that
papers, based on the title or abstract. About
35% of them discuss possible alternative interpretations, respect to the standard assumptions, namely WIMP, axions, etc. It is worth
noticing that about 20% of the papers deal
with different techniques for the investigaFigure 1: Partition of the papers on dark matter pubtion of the nature of the particles.
lished from June 2016 to May 2017.
In the following we will discuss in §1 §2
the present status of the search for scattering of the DM with matter in detectors, namely the so
called “direct searches” experiments, in §3 the search of new types of particles produced in multiTeV pp collisions at LHC. In §4 of the paper we will illustrate some recent experimental results on
very heavy multiquarks states (with mass ∼ 4.4 GeV/c2 ), that are copiously produced at LHC, and
in the quark-gluon plasma phase of the primordial universe.
The understanding of the physical nature of dark matter is in this moment particularly weak!
The only clear information that we have about DM is that very likely it is there and interacts
gravitationally with the ordinary matter.
In the following we will discuss in §2 what we know about the DM from cosmology, in §3
the status of the searches for cosmological DM in galactic halos by the production of astrophysical
γ-rays, in §4 direct search for scattering of the DM in underground detectors, In §5 the search for
new types of particles produced in multi-TeV pp collisions at LHC and the kind of information that
we have on the DM particles. Finally in §6 of the paper we discuss briefly the recent experimental
results on very heavy multiquarks states (with mass ∼ 4.4 GeV/c2 ), that are copiously produced at
LHC, and in the quark-gluon plasma phase of the primordial universe.
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ρχ = (3. ± 0.3) × 10−6 GeV/c2 cm−3

(2.1)
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The density ratio of the CDM to the ordinary matter is ρχ /ρb = 52.5 ± 5 . It is to remember that in
the technical language of experimental cosmology the adjective “Cold” indicates a component of
the primordial plasma non-relativistic and non-collisional at zeq . In practice, observed small-scale
anisotropy of the CMBR [5], suggests the weak limit σ /m ≤ 1.5 × 10−26 cm2 /GeV/c2 .
If not formed by Majorana fermions singlets, the CDM has been in thermal equilibrium with
the background radiation in the primordial universe when Tγ  mχ . In this early period the expan√
sion of the universe the temperature decrease Tγ ∝ 1/ tU . For WIMPs with mass mχ  Tγ the particle number density will be ∝ T 4 , but the density will be frozen when the annihilation rate χ χ̄ → γγ
is equal to the Hubble constant. Therefore we can determine the annihilation cross section that is
required by the density of Eq. 2.1. Quantitatively for the WIMP model this cross section is estimated to be :


ρχ
σχ χ̄ v T ' 3 × 10−26
cm3 s
(2.2)
f
3 × 10−6 GeV/cm3
where T f ' mχ /22.6 [6]. It is remarkable that from the CMBR fit of Eq. 2.1 this cross section is in
the scale of weak interaction.
An additional input from the thermal annihilation cross section of the WIMPs can be derived
from the Big Bang Nucleosynthesis, which is obviously affected by the annihilation of WIMPs
into into ordinary matter, causing a delayed injection of nucleons (and anti-nucleons) that could
increase the ratio neutron to proton. From the estimated abundance of primordial deuterium is
possible to derive the limits to the annihilation cross in function of the WIMP mass, shown as blue
exclusion plots in Fig. 2 [7].
Some indirect indications on the physics of the CDM comes from the cosmological large scale
distribution, that recently has been studied with the gravitational lensing of the light from distant
galaxies. The area of the sky at high galactic latitude explored by the Dark Energy Survey (DES)
experiment is of ∼250 deg2 in which about 1 million galaxies at a distance of 0.6 ≤ zG ≤ 1.2 (an
approximated average distance of 3 Gpc). The mass map obtained by the light shear shows a significant correlation at 6.8σ ’s with the distribution of the cluster of galaxies, only if smoothed with
a Gaussian spread function of width 20 arcmin, decisively larger then the resolution of the survey
(∼ 5 × 5 arcmin2 ) [8, 9]. The smoothing of the mass on scales of ∼ 10 Mpc is difficult to reconcile
simply scaling the profile of the hot intracluster gas that emits in the soft X-rays [10]. A similar
situation is found in the study of the rotation curves of spiral galaxies [11] that shows a substantial
flattening for distances ∼ 10 kpc from the center. The pure Newtonian dynamics of the rotation of
the luminous matter indicates that gravity field is produced by a sphere of uniform density, and not
by a self gravitating ensemble of non-collision particles [12]. A possible explanation of this fact
could be the existence of a large mass of dark baryon in the inner part of the spiral galaxies[13],
but alternatively it could be also the indication of self-interaction of the DM particles[14]. In the
latter case the original ”cuspy” halos could have been smoothed out, on a scale equal to the free
streaming distance. It is puzzling that the scale of the observed smoothing is in the range of few
Mpc’s at maximum, while for WIMP’s should be much larger then the size of the Universe. In fact,
if the smoothing of the galactic halos is due to elastic self-interaction of the DM particles, the cross
section should be very high, of the order of σ /m ≈ (0.8 − 10.) × 10−24 cm2 /GeV/c2 )−1 [15].
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Figure 2: The complex situation of the possible γ-ray line at 130 GeV from Sgr A∗ . The Fermi-LAT
Collaboration limits are respectively from Ref.’s [16] and [17]. The absolute values of the line cross section,
as well as the UL, is calculated with a template HM. For different HM’s it could be higher by a factor ∼ 2.

Annihilation of DM into ordinary matter should be astronomically detectable in the High
Energy γ-ray band[18, 19]. The ideal channel for this observation is the process χ χ̄ → γγ (or
χ χ̄ → γν) because this reaction originates a monochromatic emission at Eγ = mχ /2, easy to distinguish from the SM astrophysical production. In 2012 there was a considerable excitement caused
by the possible detection in the public data collected by the Large Area Telescope for γrays on the
Fermi Gamma Ray Satellite (Fermi-LAT) of a sharp excess at Eγ ' 130 GeV, from the direction of
the very powerful astronomical radio-source Sgr A∗ in the center of the Milky Way, [20]. In Fig. 2
we show this as a point on the mχ vs. Bγline σχ χ̄ v . The presumable flux of the γ-ray line signal is
obtained from the counting rate1 . The annihilation cross section is derived from the equation
φγline =

Bγline σχ χ̄ v ρ 2 JHM (∆Ω)
8m2χ

(3.1)

where σχ χ̄ v is the total annihilation cross section, Bγline the (unknown) branching ratio to the
monochromatic
channel,∆Ω the solid angle of the region of interest, and JHM the boosting factor
D E
2
calculated on the assumed halo model (HM) for the inner part of the DM galactic halo.
∝ nχ
HM
In facts the absolute evaluation of the cross section is strongly dependent from the halo model if
1 For

a full description of the complex technical and statistical methods of the γ-ray flux signal extraction see the
references of each experiments.

3

PoS(MULTIF2017)002

3 -1
Bline
γ <σχ χ v> (cm s )

3. Dark Matter and Astrophysics

Giulio Auriemma

Dark Matter 2017

<σχ χ v> (cm s-1)

10− 20

+

-

3

Inclusive χ χ → X X → γ -rays
Relic Abundance (Steigman et al)
BBN limit χ χ →qq

10− 21

+

BBN limit χ χ →W W

-

HESS Galactic Center
MAGIC Segue1

10− 22

Fermi-LAT IGRB (4 years)
Fermi-LAT 15 DSphG (6 years)

10− 23
10− 24
10− 25
10− 26
mχ ≈ 100 GeV/c2

3 4 56

10

20 30

100

200

1000 2000

10000
mχ (GeV/c2)

Figure 3: DM limits derived from the annihilation into the γ-ray inclusive channel (see text).

In Fig. 3 we show a partial compilation of the search for inclusive γ-rays production. The
dotted exclusion curve is due to the HESS Collaboration[25] extrapolated from the emission in the
inner central section of the Milky Way. The dot-dashed exclusion curves have been obtained by
4
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∆Ω ≤20°×20° [21]. In Fig. 2we report also the result of an independent analysis of the same data,
that confirms the γ line-like feature, that from the distribution in galactic coordinates of the pulses
observe that the possible emission comes from a very thin disk of ∆bG ∼ ±0.5°and width ∆`G ∼
±50°, well aligned with the galactic plane[22]. On the contrary, in a paper published immediately
after those two, the Fermi-LAT collaboration published an analysis, largely overlapping the same
data sample, that excluded at 95% C.L. the presence of any γ-ray line, in the interval 4 ≤ Eγ ≤ 200
GeV from a region of 20 × 20 deg2 around the Galactic Center [16]. The upper limit (UL) to the
cross section with 95% CL is shown in Fig. 2 by the violet exclusion line. More recently the
Fermi-LAT Collaboration have officially presented the results of the search for γ-ray lines in 3.7
years of exposure of the telescope[23]. The blue exclusion line in Fig. 2 shows the limit given
by the investigation of the γ-ray detected in a cone of opening 16° in the direction of the Galactic
Center, while the red one is for a cone of 3°. The comparison of the two latter curves suggest that
the 130 GeV line is marginally compatible with the best Fermi-LAT limit for a compact source in
the Galactic Center with a radius∼ 0.5 kpc[17].
The inclusive channel annihilation χ χ̄ → γX is in principle detectable from the γ-ray broad
band spectrum. In general we expect, from a naï¿œve fireball picture, the equal production of pairs
of all species of particles, including the SM ones, with thermal distribution with the only constraint
of the energy conservation. In the cooling phase, the SM particle’s pairs originate showers χ χ̄ →

¯ ∗ X → γX, that can be modeled with classical HEP MC codes[24].
qq̄, gg, ``,γ
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4. Dark Matter direct search

Figure 4: A visual evidence of the DM direct detection dispute. The two conflicting experiments on
the direct detection of DM (namely D.A.M.A/LIBRA and Xenon1T) are both located in the LNGS-INFN
laboratory of Assergi, Italy, only 100 meters one from the other.

The only claim of signal for DM recoiling has been advanced by the DA.MA. detector at
the INFN Gran Sasso underground laboratory. The search for DM with highly radio-pure NaI(Tl)
scintillating crystal has been started Gran Sasso about 20 years ago[29]. The scintillation light
produced by of an hypothetical WIMP depends from the number of ionization pairs produced by a
very low energy recoil nuclei. The recoil energy of the nucleus is
5
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the MAGIC Collaboration from the faint spherical object Segue1[26] that is s very likely a dwarf
satellite galaxy of the Milky Way, at 23 kpc in the Leo constellation. This very peculiar object is a
good candidate for the search of DM annihilation, because it shows a ratio of mass to luminosity
of ∼3400 solar units[27]. However, the most interesting limit, among that shown in Fig. 3, the
most interesting is the result on the Isotropic Gamma Ray Background (IGRB) of the Fermi-LAT
Collaboration[28]. In this study γ-rays from a number of high galactic latitude regions of the sky
were collected for 4 years. In this case the upper limit is derived from the average of a large number
of galactic DM halos, that at least in principle should be closer to the real cosmological density. It is
evident that from this experiment we should exclude masses for DM particles below 100 GeV/c2 . It
is to be remarked, however, that the limits discussed above can be applied only if DM and anti-DM
have about the same abundance in the present Universe. If by chance the DM is asymmetric, as
the baryons are, the γ-ray emission would be suppressed by a factor ∼ ρχ̄ /ρχ , being definitively
undetectable.
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Erec = Eχ

2m2χ
m χ + mA

2

2 sin

θ
2

(4.1)

cm2 (90% C.L.).
The cryogenic technique has been proposed in the early 80’s by Drukier & Stodolsky[38] for
the detection of cosmic neutrinos. The scattering media in this type of detectors is the liquid Xenon
(AXe ' 131) and the recoil ionization can be detected by scintillation and/or charge collection. The
Xenon100 detector, a combination of TPC for the detection of the ionization and of PMT’s for the
detection of the scintillation light, has been constructed at the LNGS starting from 2007[39]. One
advantage of this technique is the possible accurate measurement of the rise time of the pulse of
charge, that allows a discrimination of long tracks from the short tracks, expected in case of nuclear
recoils[40]. After 100 days of data taking (exposure of 17 kg×year), this experiment gave an upper
SI ≤ 6 × 10−42 cm2 at 80% C.L.[41] in the same mass
limit to the spin-independent cross section σχXe
range of the claimed signal. A search for a modulated signal with an annual periodicity was shown
to have a probability P365 ≤ 0.6 % , but an annual signal with the DAMA phase has been found to
be excluded at 4.8σ level [42].
More recently the XENON1T Collaboration has published the first results of the liquid xenon
detector at Gran Sasso, after its upgrading to the fiduciary mass of 1042 kg. In 32.4 days of data
SI (m = 35 GeV/c2 ) ≤ 7.7 × 10−47
taking this detector has pushed the limit on cross section to σχXe
χ
2 We

remind that the binding energy of nuclei are in the range of the MeV’s. On the other side the de Broglie
wavelength of a 10 GeV/c2 mass particle at β ∼ 10−3 is about 30 fm, larger than size of the molecules

6
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where mA is the mass of the recoiling nucleus2 , Eχ ' 21 mχ v2halo the kinetic energy of the WIMP
and θ the c.m.s. scattering angle. With vhalo ' 300 km/s and an eventual WIMP mass mχ ∼ 10
GeV/c2 scatters (84.7% of the times) with the iodine (AI '129) with an average recoil energy
hErec iI ' 25.9 keV
The first claim of the apparent detection of nuclear recoils form DM has been given by the
DA.MA./NaI(Tl) detector, an assembly of 100 kg of scintillating crystals, carefully shielded from
natural radioactivity and cosmic ray in the Gran Sasso Laboratory in 1999[30]. Further observations obtained by the 250 kg DAMA/LIBRA detector in the same location, are proposed as
the possible detection of a time dependent light production compatible with the DM recoil of
nuclei[31]. Since that time, the modulated signal has been observed by the DAMA collaboration for 14 annual cycles (total exposure 1.36 ton×years), reaching a 9.3σ ’s statistical C.L. [32].
The mass of the hypothetical WIMPs is in the range 7 ≤ mχ ≤ 50 GeV/c2 and the cross section

10 ≥ σχNaI(T l) ≤ 1 × 10−41 cm2 (90% C.L.). The error bands are propagation of the systematic uncertainty on the calibration of the scintillation yield of the crystals[33, 34] and of the halo
model[35] .A possible confirmation of the same effect has been claimed by the CoGeNT collaboration, using a single 440 g high-purity germanium crystal cooled to liquid nitrogen temperatures[36],
in Soudan Underground Laboratory, MN, USA. The charge collection electronics of this experiment has detected in 3 years data taking (total exposure 1.3 kg years) at 2.2σ ’s statistical significance a modulation signal compatible in periodicity and phase to the DAMA
one[37]. Inthis case

2
SI ≥ 2.1 ×10−41
the fitted hypothetical WIMP should have 6.5 ≤ mχ ≤ 9.5 GeV/c and 5.9 ≥ σχGe
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SI (m = 50 GeV/c2 ) ≤ 2.2 × 10−46 cm2 has been
cm2 (90% C.L.) [43]. A compatible limit σχXe
χ
obtained from the Large Underground Xenon (LUX) detector [44] at Soudan.

Table 1: Estimate of relative detection rates for different type of target media[45]

NaI

a Fraction

Z

fcoll a

Qion b

22.99
126.90
28.09
72.61
131.29

11
53
14
32
54

15.3%
84.7%
100%
100%
100%

0.2
0.15
0.21
0.17
0.15

R10 GeV/c2

R100 GeV/c2

2.14

123

12.2
4.07
0.32

21.2
81.3
147

of collisions
efficiency averaged over the halo velocity distribution.

b Quenching

Many authors have proposed ways in which the difference about the two type of detectors
could justify the discrepancy (for a review see Ref. [46]). As a matter of fact Eq. 4.1 shows that
the recoil energy depends strongly from the atomic mass of the target nuclei. In Table 1 we show
a theoretical evaluation of the relative rate (in arbitrary units) expected for the different type of
detectors[45], if we assume the same numerical halo model[47]. From this table we can see that
the most interesting scattering material for low mass WIMPs (10 GeV/c2 or less) is the silicon.
This material has been used in the SuperCDMS detector at Soudan. The most recent limit set by
this ∼660 g experiment (total exposure of 1690 kg days) for a steady signal is at the moment about
SI ≤ 1.4 × 10−44 cm2 for m ≥ 12 GeV/c2 [48]. Tucker-Smith & Weiner [49] have observed that
σχSi
χ
the inelastic scattering of a WIMP on a nuclei is kinetically allowed only if
Eχmin



mA
≥ δ 1+
mχ

(4.2)

where δ is energy lost in the collision. Calculations show that inelasticity of δ ∼ 15 keV would
give a signal detectable in DAMA but not in the others experiments[50]. One way to check this
hypothesis is to look at the recoil energy distribution, that should be depressed at low energies. A
specific reanalysis of the XENON100 data shows that for mχ ≥ 50 GeV/c2 is δ < 100 keV [51].

5. Dark matter and Particle Physics
The main objective of the CERN Large Hadron Collider, an accelerator that produces high
energy pp collisions approved by CERN Council in December 1994, has been the search for the
Higg particle, which was at the time the only missing prediction of the Standard Model (SM). LHC
√
started the first Research Run I on 30 March 2010 at s = 7 TeV. In 2012 has been found a particle
with a mass of 125.09 GeV/c2 , that is very likely the Higgs boson. After the final confirmation
of the SM as an extremely accurate description of the sub-nuclear physics, the HEP community
considers of extremely importance to investigate possible limitation of the SM, by searching evidence for deviations from its predictions, that are indicated generically as “New Physics” (NP).
7
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One indication in this direction could be the identification of heavy neutral particles with mass
mχ ≥ 5 − 10 GeV/c2 , that could form the DM observed in the Universe. One simple way of detect
those particles is the search for events of the type pp → X+anything[52], where X is a hadronic
jet, orγ or W /Z , with very high transverse momentum (usually pT ≥ 100 GeV/c). The missing
energy of the event, defined
ETmiss = − ∑ ~p j sin θ j
(5.1)
j6=X

could be due to an undetected WIMP. The signal of NP would be a statistically significant number
of events with ETmiss ≥ 300 GeV in excess over the SM background calculated with Monte Carlo
simulation and validated on the same data [53]. The search for a missing energy signal, compatible
with the DM production from pp collisions is conducted at LHC since the starting of scientific runs
in 2010, without any positive detection. Recently the ATLAS experiment has published the best
√
upper limit of an analysis of 36.1 fbarn−1 in Run 2 at s = 13 TeV [54]. The upper limit to the
miss ≥ 350
cross section is A × ε × σ pp→Jet+X ≤ 531 fbarn at 95% C.L., for pJet
T ≥ 100 GeV and ET
GeV.

8
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Figure 5: Missing energy search for DM at LHC
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A generic interaction of the DM with the ordinary matter can be represented phenomenological
by an Effective Field Theory (EFT) model[55, 56, 57], schematized in the Feynman graph shown
in Fig. 6. The interaction Lagrangian of the process f f¯ → φ → χ χ̄
Lint =



gχ gq
f OSM f¯ χOχ χ̄
2
M∗

(5.2)

depends from four free parameters : the mass mχ of the DM particle, the mass M∗ of the mediator
(often called “portal” in the literature), and the two coupling constants gq and gχ of the two vertices.
The cross section for jets plus missing energy events at LHC, for a non-conservative interaction
model, can be approximated[56, 57]:

σ pp→Jet+ETmiss

 √ 2 

4
g2χ g2SM
gχ gq 2 1 TeV/c2
s
αs
'
NC
sF pp ' 20
fbarn
32π
M∗4
13 TeV
0.25
MZ

(5.3)

where αS is the strong coupling constant, NC the number of QCD colors and F pp is the average
fraction of pp c.m.s. energy communicated to the interacting quarks pair, calculated from the
partonic distribution function (PDF) 3 . The limit to the production efficiency of WIMPs in the LHC
Run 2 from the ATLAS and CMS experiments is represented in the exclusion plot of mχ vs. MS
reported in Fig. 7. In the figure is indicated the energy conservation limit mχ ≤ M∗ /2, that excludes
(for the benchmark model) any mass of WIMP mχ ≤100 GeV/c2 . However it is evident from Fig. 7
that the mass of a DM particle that could be compatible with the estimated primordial annihilation
2
cross section should be mχ ≥ 430+10
−20 GeV/c .
3 The numerical value is applicable to the benchmark model of Dirac DM and vector-axial coupling in the s-channel.

More conservative models predict smaller cross sections (see Ref. [57])

9
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Figure 6: Schematic representation of an EFT process.
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Reversed from right to left the the Feynman diagram of Figt. 6 represents the annihilation
reaction, for which the benchmark model predicts a cross section [59]

24NC g2χ g2SM 2
σann v f '
mχ ' 2.5 × 10−26
π
M∗4



mχ
10 GeV /c2

2 

gq gχ 2
0.25



1 TeV/c2
M∗

4

cm3 s−1 (5.4)

The solid red-line shown in Fig. 7 is the mχ vs. M∗ that is obtained from the Eq. 5.4 for
the measured relic DM abundance, under the assumption that the freeze out temperature of cosmic
DM is T f ' mχ /22 [60]. It is worth noticing that the thermal anrnihilation rate required in order to
justify the DM relic abundance is excluded by the benchmark model applied to the 95% limit given
by LHC for masses mχ ≤ 420 GeV/c2 .
In the vertical direction the diagram of Fig. 6 represents the two-body elastic scattering
χN → χN of the direct searches, which can be approximated [61]:

SI
σχN
≈

 g g 2
9 g2q g2χ 2
q χ
NC 4 µχN ' 0.24 × 10−41
π
M∗
0.25

where and µχN = mχ mN /(mχ + mN ) is the reduced mass.
10



1 TeV/c2
M∗

4

cm2

(5.5)
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Figure 7: The best limits from LHC derived from the benchmark EFT model of WIMP nucleon interaction
(Adapted from Ref.’s [53, 58]) (see text).
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Figure 8: Comparison of the results of direct search for DM and the extrapolation of the spin-independent
elastic cross section derived from the LHC limits on DM production, derived from the Simplified Model (see
text).

On Fig. 8 we observe that the DAMA/LIBRA signal, that was compatible with the LHC data
at 3.2 fb−1 , is now excluded by the 10 times larger statistics, collected until now. Moreover the
limit to the scattering cross section set by the XENON1T experiment would exclude masses mχ ≤ 2
TeV/c2 , at least according to the benchmark model. If this is true the production cross section of
WIMPs at LHC can be still of the order of 5-10 fb, detectable with the upgrade of the LHC collider
to the High Luminosity LHC, with an increase of the luminosity by a factor 10, expected to be
operational in 2025.
However the impression that we have from the experiments is that the physical nature of dark
matter is in this moment particularly oscure! The only clear information that we have about DM is
that very likely it is there and interacts gravitationally with the ordinary matter. If this would be the
only type of interaction of the DM ...

6. Non-WIMP Dark Matter ?
As we have seen in the §1 the principal scientific motivation of the WIMP model is given by the
Eq. 2.2, namely the fact that the annihilation cross section predicted by cosmology for a production
is in the weak scale. For the moment the only firm evidence on the nature of the DM particles that
we have is that it couples with the ordinary matter via the gravitational field. But we have now a
considerable amount of evidence any eventual non-gravitational interaction should be well above
the EW scale of ∼100 GeV, at least by a factor of the order of 10. Many alternative models for the
DM have been proposed, but at the moment we do not have any experimental evidence supporting
any one of these. But the main result of LHC until now is that the SM is the best description of the
known experimental particle physics that we have at the moment.
11
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As it is well known the ordinary matter is composed essentially by the two lighter type of
quarks, while experimentally do exist much heavier quarks. As expected pp collisions with center
of mass energy 7,8 and 13 TeV at LHC produce a plethora of new hadronic particles containing
heavy quarks. The LHCb experiment has detected novel heavy resonances that can be interpreted
as multiquarks systems [64, 65].
In the SM the only constraint to the existence of a particle is integral or null electric charge
and baryon (or lepton) number. It is not inconceivable that one or more of these systems could
be stable, if the decay is forbidden by energy, flavor and baryon number conservation [66, 67]. In
the early universe the heavy exotic hadron will be extremely abundant soon after the electroweak
(EW) phase transition from quark-gluon plasma (QGP) to the hadron gas (HG), Therefore we can
speculate that a population of dark baryons could could be present in the Universe today [68].
In case of baryon the mass is due to the Higgs mechanism, Therefore it would be null before
the EW transition at TU ∼ 140 GeV. Consequently the present abundance of the DM is not related to
the freeze out, but to the mechanism of baryogenesis, and the relation between the present density
of DM and its thermal self-annihilation cross section, at expressed by Eq. 2.2, does not hold.
Moreover the effect of stable heavy baryons with mass mB & 10 GeV/c2 on the BBN is determined
essentially by the inelastic cross section of the heavy baryon with the deuterium nuclei for TB ≤ 2.2
MeV. The D/H abundance uncertainty sets a very weak limit to this cross section in the region of
many barns[15, 69].
The magic of these elusive particles is that could not have be detected in the various DM experiments. Detection in direct search in underground experiments is obviously impossible4 and the
indirect searches with γ-ray astronomy would be hampered by the baryonic asymmetry. Moreover
4 The

2
two-body scattering cross section for neutral heavy exotic baryons will be proportional to ∝ µχN
the reduced
mass. In pratice not very different from the neutron cross section for mχ  mN .
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Figure 9: Heavy beauty resonances, with masses in the range 3-5 GeV/c2 , observed in the Run 1 of the
LHCb detector. In panel (a) couple of particles that decay like pentaquarks states ccuud [62] and (b) five (or
six) particles that can be possibly interpreted as sscqq state [63].
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this kind matter is difficult to detect as missing energy because can produce visible showers in the
tracking detector.

7. Summary
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