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Galactic rotation curve data and MOND
M. Frandsen, J. Petersen, 1805.10706
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FIG. 3: SPARC data in g2-space (upper panels) and ĝ2-space (lower panels). The full sets of data points

without errors are shown as gray dots (3143 points on left panels) and also when imposing �vobs/vobs < 0.1

(2700 points on right panels). On all panels we also show the prediction from MOND modified inertia

with g0 = 1.2⇥ 10�10 m
s2

(blue) and individual galaxies with associated errors from Eq. (14) are highlighted

(color legend on figure). On the lower panels fewer individual galaxies are displayed for visual clarity.

defined here via robs,bar + 1 � rj � robs,bar � 1 . We compute ĝobs(�robs) as defined above using

these points for each galaxy and finally the galaxy averages hĝobs,bar(�robs)i over all galaxies with

this data. Here we find more than 5� discrepancy from the MOND modified inertia prediction of

unity with both the ĝobs,bar observables. The results are summarized in the last row in Table II.

The numbers summarized in Table II imply that MOND modified inertia does not correctly

describe the SPARC data, even if the overall scatter around the fitting function (7) was found to

be small in [13, 14]. To study the geometry of the SPARC data further we group the entire data set

into points N+
G at r � rbar and points N�

G at r < rbar. We further divide the galaxies into 3 groups

G1,2,3, motivated by the theoretical characterization in Table I. Galaxies in G1 satisfy rbar = rtot,

12
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Constraints on Primary Black Hole mass and DM fraction
B. Carr, M. Raidal, T. Tenkanen, V. Vaskonen, H. Veermäe, Phys. Rev. D96 (2017) 023514 [1705.05567]
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FIG. 1. Upper left panel: Constraints from di↵erent observations on the fraction of PBH DM, fPBH ⌘ ⌦PBH/⌦DM, as a function
of the PBH mass Mc, assuming a monochromatic mass function. The purple region on the left is excluded by evaporations [8],
the red region by femtolensing of gamma-ray bursts (FL) [40], the brown region by neutron star capture (NS) for di↵erent
values of the dark matter density in the cores of globular clusters [41], the green region by white dwarf explosions (WD) [42],
the blue, violet, yellow and purple regions by the microlensing results from Subaru (HSC) [43], Kepler (K) [44], EROS [45] and
MACHO (M) [46], respectively. The dark blue, orange, red and green regions on the right are excluded by Planck data [36],
survival of stars in Segue I (Seg I) [47] and Eridanus II (Eri II) [48], and the distribution of wide binaries (WB) [49], respectively.
The black dashed and solid lines show, respectively, the combined constraint with and without the constraints depicted by the
colored dashed lines. Other panels: Same as the upper left panel but for a lognormal PBH mass function with � = 2 (upper
right) and for a power-law PBH mass function with � = �1 (lower left) and � = 1 (lower right).

for the two extreme cases, ✏ = 0.4 (solid purple line) [51]
and ✏ = 0.1 (dotted purple line) [52].

The Cosmic Microwave Background (CMB) anisotropy
constraints on PBH accretion are subject to uncertain-
ties in the accretion process and its e↵ect on the thermal
history of the universe at early times. To account for
this, we show the bounds for both collisional ionisation
(solid dark blue line) and photoionisation (dotted dark
blue line) [36]. Recently, another sort of accretion limit
has been obtained in the mass range from a few to 107M�
on the grounds that PBH accretion from the interstellar
medium should result in a significant population of X-ray
sources [53]. Indeed, several earlier papers have consid-

ered such a limit [54, 55]. However, all these limits are
very dependent on the accretion scenario and are there-
fore not shown.

Lensing is the only phenomenon which has been
claimed to provide positive evidence for PBHs. For ex-
ample, the results of the MACHO project – searching for
microlensing of stars in the Magellanic clouds – originally
suggested halo DM in the form of 0.5M� objects [56]
and these could plausibly be PBHs formed at the quark-
hadron phase transition at 10�5s. However, the DM frac-
tion was later reduced to 20% [57]. The interpretation
of the MACHO results – and also the EROS and OGLE
results – is very sensitive to the properties of the Milky
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Probing the Weakly Interacting Massive Particle paradigm
E. Aprile et al. [Xenon1T], 1805.12562
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DAMA/LIBRA-phase2 and isospin-violating DM
R. Bernabei et al. [DAMA/LIBRA-phase2], 1805.10486; S. Baum, K. Freese, C. Kelso, 1804.01231

= 127.3/52 and 150.3/52, respectively. The P-values are P = 3.0 × 10−8 and P =
1.7 × 10−11, respectively. The residuals of the DAMA/NaI data (0.29 ton × yr) are
given in Ref. [2, 5, 14, 15], while those of DAMA/LIBRA–phase1 (1.04 ton × yr) in
Ref. [2, 3, 4, 5].

The former DAMA/LIBRA–phase1 and the new DAMA/LIBRA–phase2 residual
rates of the single-hit scintillation events are reported in Fig. 3. The energy interval
is from 2 keV, the software energy threshold of DAMA/LIBRA–phase1, up to 6 keV.
The null modulation hypothesis is rejected at very high C.L. by χ2 test: χ2/d.o.f. =
199.3/102, corresponding to P-value = 2.9 × 10−8.
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Figure 3: Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the (2–6) keV energy intervals
as a function of the time. The superimposed curve is the cosinusoidal functional forms
A cosω(t − t0) with a period T = 2π

ω = 1 yr, a phase t0 = 152.5 day (June 2nd) and
modulation amplitude, A, equal to the central value obtained by best fit on the data
points of DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2. For details see Fig. 2.

The single-hit residual rates of the DAMA/LIBRA–phase2 (Fig. 2) have been fit-
ted with the function: A cos ω(t − t0), considering a period T = 2π

ω = 1 yr and a
phase t0 = 152.5 day (June 2nd) as expected by the DM annual modulation signature;
this can be repeated for the only case of (2-6) keV energy interval also including the
former DAMA/NaI and DAMA/LIBRA–phase1 data. The goodness of the fits is well
supported by the χ2 test; for example, χ2/d.o.f. = 61.3/51, 50.0/51, 113.8/138 are ob-
tained for the (1–3) keV and (1–6) keV cases of DAMA/LIBRA–phase2, and for the
(2–6) keV case of DAMA/NaI, DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2,
respectively. The results of the best fits are summarized in Table 2. Table 2 also
shows the results of the fit obtained for DAMA/LIBRA–phase2 either including or not
DAMA/NaI and DAMA/LIBRA–phase1, when the period and the phase are kept free
in the fitting procedure. As reported in the table, the period and the phase are well
compatible with expectations for a DM annual modulation signal. In particular, the
phase is consistent with about June 2nd and is fully consistent with the value indepen-
dently determined by Maximum Likelihood analysis (see later). For completeness, we
recall that a slight energy dependence of the phase could be expected (see e.g. Refs.
[22, 23, 27, 28, 29, 30]), providing intriguing information on the nature of Dark Matter
candidate and related aspects.
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n ), when assuming proton-only (neutron-only)

SD couplings or the three parameters m�, �SD
p and the

ratio of the e↵ective couplings to neutrons and protons
an/ap when allowing for the general mixed SD case.

Regarding canonical SI scattering (with no isospin vi-
olation): With the older DAMA/LIBRA data, canonical
isospin conserving SI scattering allowed for a good fit in
both a low (⇠ 10 GeV) and high mass (⇠ 70 GeV) range
for WIMPs. With the new data, the best fit high mass
shifts to ⇠ 54 GeV and the best fit low mass to ⇠ 8 GeV,
cf. Fig. 2. However, the new data do not allow for a good
fit to the observed modulation signal. In the new best
fit regions, SI scattering is disfavored at 5.2� for the low
mass region around ⇠ 8 GeV and at 2.5� for the high
mass region around ⇠ 54 GeV. The new data play im-
portant roles in these conclusions for the following two
reasons: the phase2 results contains two new bins for
recoil energies between 1.0 and 2.0 keVee, and, the mod-
ulation signal in the two bins between 2.5 and 3.5 keVee

has shifted to lower values, cf. Tab. I. While the previous
phase1 data seemed to hint at a decreasing modulation
amplitude below ⇠ 2.5 keVee, the updated results with
the inclusion of the phase2 data indicate a modulation
amplitude smoothly rising with smaller recoil energies.
As discussed in Ref. [30], this behavior disfavors isospin
conserving SI scattering for both the previous low and
high mass regions due to a conspiracy of di↵erent e↵ects:
For the low mass hypothesis, the modulation amplitude
is dominated by scattering o↵ sodium for recoil energies
& 1.5 keVee. However, for a 10GeV WIMP, the mod-
ulation amplitude from scattering with sodium has its
maximum at Eee ⇡ 2 keVee, and decreases for lower re-
coil energies, approaching a phase reversal. At roughly
the recoil energy of the sodium phase reversal and be-
low, scattering o↵ iodine becomes relevant, and the corre-
sponding modulation amplitude rises sharply for smaller
recoil energies. Summing both e↵ects would lead to a
sharply rising modulation amplitude in the lowest bin of
the phase2 data.

For the high mass hypothesis, the modulation signal is
dominated by scattering o↵ iodine in the entire energy
range relevant for the observed signal. For a 50 GeV
WIMP scattering o↵ iodine, the modulation amplitude
has its maximum at Eee ⇡ 2.7 keVee, hence, this would
lead to a decreasing modulation amplitude in the lowest
bins of the phase2 data.

However, the phase2 data do not display either of the
behaviors described above, but instead indicate a modu-
lation amplitude smoothly rising with smaller recoil en-
ergies.

Regarding Isospin Violating (IV) Dark Matter: In or-
der to fit the data, the scattering amplitude o↵ iodine
must be suppressed with respect to the scattering rate
o↵ sodium, which is possible when allowing for isospin
violation. Since sodium and iodine are almost exclusively
composed of the isotopes 23Na and 127I, respectively, the
scattering cross section o↵ iodine is suppressed if the
ratio of the e↵ective WIMP-neutron and WIMP-proton
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FIG. 3. Goodness of fit regions for the case of isospin violating
(IV) couplings (still spin-independent but with fn/fp 6= 1).
The solid black, dotted green, dashed blue, and dash-dotted
red contours correspond to the 2, 3, 4, and 5� regions, respec-
tively. The best fit point in the low mass region has a DM
mass of m� = 10.7 GeV, fn/fp = �0.666, a WIMP-proton
cross section of �SI

p = 1.05⇥ 10�2 pb, and a reduced �2 value
of �2

r = 7.32/7. The best best fit point in the high mass region
is m� = 52.1 GeV, fn/fp = �0.613, �SI

p = 2.25⇥10�3 pb, and
�r = 17.26/7. The thin gray line indicates fn/fp = 53/74,
the value for which the scattering cross section o↵ iodine van-
ishes.

couplings is approximately fn/fp = �53/74 ⇡ �0.716,
for which the e↵ective coupling to 127I vanishes. Vary-
ing the value from the isospin conserving case fn/fp =
1 to fn/fp = �53/74 alters the relative strength of
the decreasing modulation amplitude from scattering o↵
sodium and the increasing amplitude from scattering o↵
iodine at low recoil energies in the low mass case, such
that a much better fit to the observed signal is obtained.
Similarly, for the high mass case suppressing the contri-
bution from scattering o↵ iodine allows for a better fit to
the data because one finds a non-negligible contribution
to the modulation signal from scattering o↵ sodium for
the largest energy bins in the DAMA data.

Fig. 3 shows our results for spin-independent scattering
which allows for isospin violation. We find two minima
in the �2 distribution: a low mass region with a best fit
point with m� = 10.7 GeV, fn/fp = �0.666, a WIMP-
proton cross section of �SI

p = 1.05 ⇥ 10�2 pb, and a re-

duced �2 value of �2
r = 7.32/7, and a high mass region

with a best fit point m� = 52.1 GeV, fn/fp = �0.613,
�SI

p = 2.25⇥ 10�3 pb, and �r = 17.26/7. The reduced �2

values correspond to 0.85� for the low-mass best fit point
and 2.4� for the high-mass best fit point. Both best fit
regions di↵er significantly from the best fit regions for the
previous DAMA/LIBRA-phase1 data in the canonical SI
case derived with a similar binning scheme [30].

Regarding SD scattering:

For the SI (IV) case, the ratio of the contributions
from sodium and iodine to the event rate in DAMA is
given by the WIMP mass and the number of nucleons
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Models with radiative neutrino masses and dark matter
F. Bonnet, M. Hirsch, T. Ota, W. Winter, JHEP 1207 (2012) 153; Y. Farzan, S. Pascoli, M. Schmidt, JHEP 1303 (2013) 107;

D. Restrepo, O. Zapata, C. Yaguna, JHEP 1311 (2013) 011; Y. Cai et al., Front. in Phys. 5 (2017) 63
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Figure 1. One-loop contributions to the neutrino mass in models T1-1 (upper left), T1-2 (upper

right), T1-3 (lower left) and T3 (lower right).

under a Z2 symmetry to stabilize the dark matter and (in some cases) to prevent tree-level

contributions to neutrino masses. All one-loop models connecting neutrino masses to dark

matter with at most four additional fields have been classified [21] following the notation of

a systematic study of the d = 5 Weinberg operator at one-loop order [22]. The classification

has recently been extended to two loops [23] following Ref. [24] (cf. also Sec. 4.7 in [25]).

Apart from the models mentioned above, which all belong to the one-loop topology

T3 with one quartic scalar vertex as defined in Refs. [21, 22] and as shown in Fig. 1 (lower

right), several models with other topologies have also been studied in the past. In addition

to the topology label X in TX-Y, they have have been labeled - when applicable - according

to the number of internal fermion lines Y. They include models T1 with box topology such

as a model of topology T1-1 with three scalars, two of which are equivalent, and one fermion

(Fig. 1, upper left) [26], and a model of topology T1-3 with one scalar and three fermions

(Fig. 1, lower left) [27–29]. In both cases, the lightest scalar was assumed to represent the

dark matter, constraints from the Higgs and neutrino sectors and the relic density were

imposed, and their phenomenology, in particular of lepton-flavour violating processes, has

been studied. In this paper, we study a model of topology T1-2 with two scalars and two

fermions (Fig. 1, upper right). A general discussion of this topology, without establishing

the particle content of specific models, has been presented in Ref. [30]. To complete the list,

note that models of topology T2 can be discarded on dimensional arguments, since they

involve mass-suppressed quartic vertices of two fermions and two scalars, while models of

T4, T5 and T6 always have tree-level contributions to neutrino masses and thus no obvious

– 2 –
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The best studied class: T3
Y. Farzan, S. Pascoli, M.A. Schmidt, JHEP 1010 (2010) 111; M. Aoki, S. Kanemura, K. Yagyu, Phys. Lett. B702 (2011) 355

E. Ma, Phys. Rev. D73 (2006) 077301; E. Ma, D. Suematsu, Mod. Phys. Lett. A24 (2009) 583

Model α
Fermionic Scalar

Exotic charges # of N’plets
DM DD DM DD

T3-A
0 21 × 10, 32 X X 3
−2 2−1 × 30 X × 3

T3-B
1,−3 × × 2±1 X X 3
−1 10 X 2±1 X × 2

T3-C
1,−3 3±2 × 2±1 X X 3
−1 30 X 2±1 X × 2

T3-E 0,−2 2±1 × 30, 3±2 X X 3

Potential in T3-B with α = −1 (“Inert Doublet Model”):

−LH1,H2 = µ21H
†
1H1 + µ22H

†
2H2 +

λ1
2

(
H†1H1

)2
+
λ2
2

(
H†2H2

)2
+ λ3

(
H†1H1

)(
H†2H2

)
+ λ4

(
H†1H2

)(
H†2H1

)
+
λ5
2

(
H†1H2

)2
+ h.c.
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Radiative corrections to the Inert Doublet Model
MK, J. Ruiz-Alvarez, C. Yaguna, Phys. Rev. D87 (2013) 075025 [1302.1657]
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Potential in T3-B with α = −1 (“Scotogenic Model”):

−LH1,H2 = µ21H
†
1H1 + µ22H
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LN = hαi ¯̀αH
†
2PRNi + h.c.
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Coannihilations in the Scotogenic Model
MK, C. Yaguna, J. Ruiz-Alvarez, D. Restrepo, O. Zapata, JCAP 1304 (2013) 044
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Figure 11: Regions in the plance (MH0 ,⟨σv⟩) that are consistent with the dark
matter constraint for different numbers of coannihilating N .

above 10−24cm3s−1. More generally, this figure demonstrates that there is no
incompatibility between a large value of ⟨σv⟩ (say of order few × 10−25cm3s−1)
and the idea of a thermal freeze-out. Both can be reconciled via coannihilations
in the early Universe.

Figure 11 also shows the current bound on ⟨σv⟩ from Fermi-LAT [31]. It
excludes the low mass region, MH0 ! 250 GeV, and also the models with the
largest values of ⟨σv⟩ over the entire mass range we consider. There are still,
however, sizable regions where the coannihilation effects are important that are
not constrained by present data. Future indirect detection data will certainly
probe this region further, either improving the constraints or finding evidence
of its existence.

Summarizing, coannihilations with right-handed neutrinos may play a very
important role in the dark matter phenomenology of the radiative seesaw model.
They open up new viable regions, change the expected mass spectrum, and
modify the prospects for the direct and the indirect detection of dark matter.

6 Discussion

We have throughout this paper assumed a specific structure for the matrix of
neutrino Yukawa couplings, equation (6). One may wonder, therefore, how our
results depend on that particular choice. From the discussion on coannihilations,
section 3, we know that for Ni coannihilations to increase the relic density it
must happen that σH0H0 ≫ σH0Ni

, σNiNi . So, all we need to reproduce our
results is to ensure that hαi are such that the above conditions on the cross
sections are satisfied, and it turns out that they usually are. In fact, we have
repeated the scan over the parameter space of the model (see section 5) but
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1 21, 30 X 21 X × 4
−1 10, 2−1, 3−2 X 2−1 X X 4

T1-3-F ±1 2±1, 30, 3±2 X 2±1 X X 4
T1-3-G 0 2±1, 30 X 10 X × 3
T1-3-H 0 2±1, 30 X 30 X × 3

Potential in T1-3-A with α = 0:

LY = αijψ′νcjLφi + αijE ′ecjLφi +
β1√

2
ψcSh +

β2√
2
ψ′Sch + h.c.

Lepton flavor violation: φr

µ E e

γ
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Class T1-2
S. Esch, MK, C. Yaguna, 1804.03384, JHEP (under review); R. Longas, D. Portillo, D. Restrepo, O. Zapata, JHEP 1603 (2016)

162 [1511.01873]

Model α
Fermionic Scalar

Exotic charges # of N’plets
DM DD DM DD

T1-2-A
0 10, 21 X 10, 21 X × 4
−2 2−1 × 2−1 X × 4

T1-2-B
0 10, 21 X 21, 30 X × 4
−2 2−1 × 2−1, 3−2 X X 4

T1-2-D
1 21, 32 × 21 X X 4
−1 2−1, 30 X 10, 2−1 X × 4

T1-2-F
1 21, 32 × 21, 32 X X 4
−1 2−1, 30 X 2−1, 30 X × 4

Potential in T1-2-A with α = 0:

−Lscalar =
1

2
λSφ

2
S |H|2 + λD |φD |2|H|2 + λ′D |φ†DH|2

+
1

2
λ′′D

[(
φ†DH

)2
+ h.c.

]
+ A

[
φ†DHφS + h.c.

]
−Lfermion = y1ψD1HψS + y2ψD2H

†ψS + h.c.

−Llepton = g1iLiφSψD2 + g2iLiφDψS + h.c.
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Direct detection and lepton flavor violation in T1-2-A
S. Esch, MK, C. Yaguna, 1804.03384, JHEP (under review)
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Class T1-1
C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz, S Pascoli, Phys. Rev. D77 (2008) 043516;

Y. Farzan, Phys. Rev. D 80 (2009) 073009

Model α
Fermionic Scalar

Exotic charges # of N’plets
DM DD DM DD

T1-1-A
±2 × × 2±1 X X 4
0 10 X 10, 2±1 X × 3

T1-1-B
±2 3±2 × 2±1 X X 4
0 30 X 10, 2±1 X × 3

T1-1-C ±1 2±1 × 10, 2±1 X X 4

T1-1-D
1 21 × 10, 21, 32 X X 4
−1 2−1 × 2−1, 30 X × 4

T1-1-F ±1 2±1 × 2±1, 30, 3±2 X X 4

T1-1-G
±2 × × 2±1, 3±2 X X 4
0 10 X 2±1, 30 X × 3

T1-1-H
±2 3±2 × 2±1, 3±2 X X 4
0 30 X 2±1, 30 X × 3

Potential in T1-1-A with α = 0 (“SLIM Model”):

−L = λ1|HT (iσ2)Φ|2 + Re[λ2(HT (iσ2)φ)2] + λ3η
2H†H

+ λ4Φ†ΦH†H +
λ′1
2

(Φ†Φ)2 +
λ′2
2
η4 + λ′3η

2Φ†Φ

+ giαN̄iΦ
†Lα
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Scalar as LIght as MeV - solution to missing satellites?
Y. Farzan, Phys. Rev. D 80 (2009) 073009; A. Arhrib, C. Boehm, E. Ma, T.C. Yuan, JCAP 1604 (2016) 049

Constraints (scalar or fermion DM):
• Unitarity, vacuum stability, non-tachyonic masses
• LEP invisible Z decay, ∆S and ∆T ; LHC H decay

ATLAS (ICHEP 2018): Rγγ = 1.08± 0.08, RγZ = 2.7+4.6
−4.5 < 6.6
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Models allowing for gauge coupling unification
C. Hagedorn, T. Ohlsson, S. Riad, M.A. Schmidt, JHEP 1609 (2016) 111 [1605.03986]

Model m P1 P2 P3 P4 ⇤ (GeV) ↵�1(⇤) � log10(⇤)
log10(⇤)

�↵�1

↵�1

(%) (%)

T1-1-D
1 (1, 2, 1

2 )S (1, 1, 0)S (1, 2, 1
2 )F (1, 3, 1)S 1.3 · 1013 38.4 7.7 3.9

�1 (1, 2,� 1
2 )S (1, 1,�1)S (1, 2,� 1

2 )F (1, 3, 0)S 3.1 · 1013 38.2 3.2 1.7

T1-2-A 0 (1, 1, 0)F (1, 2, 1
2 )S (1, 1, 0)S (1, 2, 1

2 )F 5.3 · 1013 39.4 4.1 2.9

T1-2-B
0 (1, 1, 0)F (1, 2, 1

2 )S (1, 3, 0)S (1, 2, 1
2 )F 4.6 · 1013 38.4 5.6 2.9

�2 (1, 1,�1)F (1, 2,� 1
2 )S (1, 3,�1)S (1, 2,� 1

2 )F 3.2 · 1012 35.9 0.54 0.28

T1-3-A 0 (1, 1, 0)F (1, 2, 1
2 )F (1, 1, 0)S (1, 2,� 1

2 )F 2.8 · 1013 37.7 6.5 3.3

T3-A
0 (1, 1, 0)S (1, 3, 1)S (1, 2, 1

2 )F - 1.6 · 1013 37.3 4.4 2.3

�2 (1, 1,�1)S (1, 3, 0)S (1, 2,� 1
2 )F - 4.0 · 1013 38.7 0.21 0.11

T1-3-A 0 (1, 1, 0)F (1, 2, 1
2 )F 2 (1, 1, 0)S - 6.9 · 1013 39.8 7.4 4.0

T1-3-B 0 (1, 1, 0)F (1, 2, 1
2 )F 2 (1, 3, 0)S - 5.7 · 1013 38.9 2.5 1.3

Table 5. Models in Ref. [44] that allow for gauge coupling unification. In the last two rows, two

particles are identified with each other (those transforming as SU(2) doublets) and two generations

of particle P3 are needed. As in the tables in Secs. 3.1 and 3.2, the quantities ⇤ and ↵�1(⇤) are

the unification scale and the value of the gauge coupling at this scale, respectively, and in the last

two columns the relative errors on these two quantities are given.

models Si-j. In Fig. 1 (right panel), we display the RG running of the gauge couplings in

model T3-A for m = �2 as an example. This model has been chosen, since the relative

errors are the smallest among all models, see Tab. 5. Note that in three of the ten models

only SM gauge singlets and fermions and scalars in the SU(2) doublet representation are

added, and thus, e↵ectively, these models are like multi-Higgs doublet extensions of the

SM regarding gauge coupling running. In particular, models T1-3-A with m = 0 and two

particles identified, T1-2-A with m = 0 and T1-3-A with m = 0 are (almost) equivalent

to extensions of the SM with four, five and eight additional Higgs doublets, respectively.

Note also that in some of the models in which gauge coupling unification does not occur,

↵1 becomes non-perturbative at a scale below MPlanck.

As mentioned, we find in general good agreement between the results of the analytical

and the numerical analysis. In the case of model T1-1-G with m = 0, we observe that

the relative error on the unification scale is approximately 8 % in the one-loop analysis

and small contributions at two-loop order eventually exclude this model. Similarly, models

with a relative error on the unification scale of approximately 10 % in the one-loop analysis

are found to lead to gauge coupling unification, if studied numerically at two-loop order.

This is, in particular, true for models T1-3-A with m = 0 and T1-3-B with m = 0, both

with two particles identified.

3.4 Models with Particles in the Adjoint Representation of SU(3)

There are a few models that generate neutrino masses at loop level where some of the new

particles, scalars and/or fermions, transform as the adjoint representation of SU(3). We

consider three of these models, presented in Tab. 6. In model U1, discussed in Ref. [46] (see

17
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Conclusion

Minimal dark matter models:

• Bottum-up, small parameter space, often completely testable

• Best motivated, if they solve also other SM problems

• Intriguing: Connection to Higgs, neutrino masses, unification

• Many models (here only 1-loop), larger parameter spaces

• Coannihilation decouples relic density from direct detection

• Lepton flavor violation provides crucial tests

• Many other constraints (indirect detection, LHC)

• Work in progress ...
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