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I not charged under U(1)EM and SU(3)C

I stable or long lived

I not in SM particle list

I Direct detection
I nuclear recoils from DM scattering

I Collider searches
I typical signal:missing energy + mono object

I Indirect detection
I classified by annihilation product: γ, ν, e+...
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I a large number of models for explaining neutrino mass

I the most popular realization is type-I seesaw in which heavy
right-handed neutrinos are introduced
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I Sakharov conditions: Violation of baryon
number, C and CP violation and
departure from equilibrium

I baryon asymmetry produced from lepton
asymmetry through sphaleron processes

I high-scale thermal leptogenesis and low-scale
ARS mechanism work within type-I seesaw



The νMSM Model
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I proposed by Asaka, Blanchet and Shaposhnikov (hep-ph/0503065,0505013)

I 3 RH neutrinos in type-I seesaw framework:
one is DM candidate at the keV-scale, produced through mixing with active neutrinos,
including resonant effects from the lepton number asymmetry induced by
heavier two O(GeV) RH neutrinos

I the latter are responsible for baryon asymmetry through ARS mechanism

I solves “all problems” and in addition there is no hierarchy problem
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I naturalness bound: MR . 107-108 GeV

I Ghiglieri, Laine (1905.08814) insufficient
abundance of keV-scale DM in νMSM?



Scotogenic Model
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I proposed by Ma (hep-ph/0601225)

I our idea: explain neutrino masses and generate observed baryon asymmetry
and dark matter abundance within the scotogenic model (1806.06864)

I one of the main motivations: Z2 symmetry forbids N → νγ implying no
X-ray limits

lepton sector Lagrangian:

neutrino mass: for scalar masses m0 � Mk



Neutrino parameters
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I Casas-Ibarra Parametrization (hep-ph/0103065)
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I global fits indicate a certain preference for normal mass ordering

I lightest N field is at keV-scale and has tiny Yukawa couplings;
effectively two N states contribute to neutrino mass generation
leaving lightest active neutrino approximately massless
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Dark Matter
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I production via freeze in from the decays of Z2-odd scalars

I A,S → N1 να, σ± → N1l
±
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Dark Matter
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I production via decays of frozen out next-to-lightest Z2-odd fermion
N2

I using micrOMEGAs for getting abundance of N2
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Leptogenesis
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ARS Decays Σ→ NL

I ARS leptogenesis proceeds via right-handed neutrino oscillation
(hep-ph/9803255)

I lepton asymmetry generated in each flavor

I decays of the Σ doublet at finite temperatures serve as an additional
source of CP violation

I the process was often neglected in literature being proportional to
(MN2/T )2

I however, this production mechanism can dominate ARS in some
regions of parameter space (hep-ph/1606.00017)



Leptogenesis
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Hambye, Teresi 1705.00016
Hernandez et al. 1508.03676,1606.06719
Drewes et al. 1606.06690; Abada et al. 1810.12463

I to account for both mechanisms, we employ density matrix approach
from 1705.00016 without taking relativistic approximation for RH neutrinos



Leptogenesis
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I reaction densities and washout terms

10-2 10-1 1

10-5

10-4

10-3

z

γ
/

T
4

γLV

γWC
LV

γWQ
LV

10-2 10-1 1

10-7

10-6

10-5

10-4

10-3

10-2

z

γ
/

T
4

γLV

γWC
LV

γWQ
LV

10-3 10-2 10-1 1

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

z

δM=10-10ρ11 / ρeq
N -1|

|ρ12|

|δYB|

I we find successful scenarios only for M2,3 > Tc
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(
2
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I production for smaller δM occurs later and

washout effects are effective during a shorter time



Leptogenesis
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I y2α, y3α can not be made smaller than O(10−6)

I strong washout regime



Leptogenesis
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λ5 = 0.01 MN2 = 200 GeV

I δM = 10−10 in both panels



Leptogenesis
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I both ARS and Σ→ NL decays matter
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DM and Baryon Asymmetry
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I avoid overproduction of DM −→ large Yukawa couplings

I successful baryogenesis −→ small Yukawa couplings

I reconcile these requirements by taking small couplings and employing
small mass splitting between Z2-odd scalars and fermions →
coannihilations set DM abundance

I BBN constraints:

I ΩN2→N1 DM contribution is
negligible being in accord with
Neff and structure formation limits
(Heeck, Teresi 1706.09909)
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DM and Baryon Asymmetry
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I we identified the parameter space in which the produced DM
abundance and BAU are in accord with the observed values



Collider prospects?
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I If coannihilations of N2 with new scalars are significant, N2 can stay
longer in the thermal equilibrium and freeze-out with much smaller
abundance → coannihilations are only effective if the mass splitting
between N2 and scalar is tiny

3

with even larger luminosities. The relevant searches consider either two or more tau’s [24] or
e′s/µ′s [25] as final state particles.

Creation of the model files were done with FeynRules. Then the signal processes as shown in
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FIG. 1. Production channels for the `i `j+��ET process. Pair produced charged scalar decaying into RHN
N2,3 and e, µ or τ leptons.

fig. 1 were simulated at LO with MadGraph. Event showering was done using Pythia8 and Delphes

was used for a fast detector simulation(SB: Here we should cite the programs properly.).
After setting up our own analysis pipeline we cross checked it with the results given in [24, 25].

A. Di-tau+��ET

Two signal regions were defined to present constraints on the visible non-SM cross sections
(σ95vis). They are chosen such that different mass gaps between σ± and Nk can be covered. The
95% upper limits on the cross sections are summarized in table I.
The final cross section in our model is determined by the product

signal region Nexp Nobs exp. σ95
vis [fb] obs. σ95

vis [fb]

SR-lowMass 14± 6 10 0.31+0.12
−0.08 0.26

SR-highMass 3.7± 1.4 5 0.17+0.08
−0.05 0.20

TABLE I. Results on the non-SM contribution in the Di-tau +��ET channel.

σ(p p→ `±`∓NkNl) = σ(p p→ σ±σ∓)× BR(σ± → `±i Nk)
2. (1)

In order to increase to the cross section we can make use of free parameters to maximize the
respective branching ratios. We take the complex angle w + ξ, the Majorana phase α2

2 and the
CP phase δ3 as free parameters and maximized the entries of the yukawa matrix according to the
following prescription:

y2τ (w, ξ, α2, δ)
2 + y3τ (w, ξ, α2, δ)

2

∑
k=2,3

∑
i
yki(w, ξ, α2, δ)2
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As a simplification we consider the heavy RHN N2,3 to have equal masses and their respective
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0
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2
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2

will nearly have the same value.

2 The other Majorana phase do not affect the minimization.
3 We restrict δ to stay in the 3σ range (135◦, 366◦)
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After setting up our own analysis pipeline we cross checked it with the results given in [24, 25].
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−0.08 0.26
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I in our consideration are dilepton signatures; small splittings would
lead to very soft final state leptons that are hard to reconstruct at
LHC

I production from N2 decays is not suppressed



Structure formation and Neff
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I Σ decays
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Structure formation and Neff
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I The effective number of relativistic species after electron-positron

annihilation ρrad =
[
1 + 7

8

(
4

11

)4/3
Neff

]
ργ

I The contribution to ∆Neff from N1 can be estimated by comparing its
energy density against the one corresponding to a fully relativistic
neutrino with temperature Tν (Merle, 2015)
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Collider prospects
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HL-LHC

21 / 34 3rd workshop on Dark Matter as a Portal to New Physics, APCTP, South Korea

I compared the simulation with the recent ATLAS results and found
that current sensitivities are not strong enough to place limits

I HL-LHC → integrated luminosity of up to 4000 fb−1 at
√
s = 14 TeV
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FCChh and CLIC: dilepton signature
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I FCC-hh and CLIC will provide the possibility of scanning a large
portion of parameter space that is not restricted by BBN and Neff

I FCC-hh will test higher σ± masses while CLIC can test the region
with small mass splittings between N2 and scalar states



Discussion:
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I How do we systematize neutrino mass models? Are those with
minimal BSM particle content the most appealing ones or should we
be driven by phenomenology (models that could simultaneously
explan baryon asymmetry of the Universe and dark matter)

I Cosmology and collider searches (terrestrial experiments) are typically
discussed separately. Is there any work toward assessing the full
picture in a straightforward way? GAMBIT?



Axion-Like Particles (ALPs) Across the Scales
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Model
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I photophilic keV-scale ALP DM =⇒ hints in X-ray data (3.55 keV
line, see Jaeckel et al., 1402.7335)

I photophobic keV-scale ALP DM =⇒ excess electronic recoil events in
XENON1T (2006.09721)



Model
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I freeze-out leads to overproduction → FREEZE-IN

I using equations of motion, coupling to fermions can be reexpressed as
(2mf /fa) af̄ γ5f

I in the photophobic case, the DM production rate is suppressed with
respect to photophilic one by mf /TRH



ALP DM
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I ALP DM distribution function, f , is a crucial ingredient to compute
DM relic abundance as well as address structure formation

[
∂

∂t
− Hpa

∂

∂pa

]
f (pa, t) = C(pa)

I collision term C contains squared amplitude for ALP production and
distribution function for SM particles in the bath

I assuming Maxwell-Boltzmann statistics and with abbreviations
r = mH/T and x = p/T the distribution reads (Heeck, Teresi,
1706.09909)
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dy σ̂

(
m2

H y

r2

)
Exp

[
−x − y

4x

]

I ALP distribution function for both philic and phobic case can be
expressed analytically
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I DM freeze-in abundance in photophilic scenario

ΩDMh2 ≈ 0.12
(

106.75
g∗

)3/2 ( caγγ/fa

10−17 GeV−1

)2 (
mDM

10 keV

) (
TRH

2.6·1015 GeV

)

I Ωf̄ f→Ba
DM /ΩfB→fa

DM ≈ 1/20 due to logarithmic divergence in t-channel regulated by

thermal mass of a photon

I DM freeze-in abundance in photophobic scenario

ΩDMh2 ≈ 0.12
(

80
g∗

)3/2 (
mDM

10 keV

) (∑
f mf nc q2e2

38.9GeV

)(
caff /fa

7.6·10−11 GeV−1

)2

I Ωf̄ f→Va
DM /ΩfV→fa

DM ≈ 2
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photophilic
〈p〉/T ≈ 3.24

photophobic
〈p〉/T ≈ 2.36
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I distribution function for fB → fa in photophilic scenario turns

negative at p/T = Exp [−1/4 + γE ]
m2
γ

4T 2

I the cutoff occurs at a value of p/T that is at least two orders of
magnitude smaller than the expected mean

I black lines represent calculation following approach from Bolz et al.
arXiv:0012052 (quantum statistics, term from ALP self energy
removing the divergence; however, the calculation holds only for
pa > gT )
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I warm DM can wash out structures at small scales and this can be
quantified by the suppression of the matter power spectrum P(k)

I two complementary probes: Ly-α forest and the number of MW
subhalos

I Ly-α stands for a number of absorption lines occurring in the spectra
of quasars and galaxies at higher redshift stemming from the
hydrogen in the intergalactic medium

I define a transfer function T(k) computed using CLASS

T (k) ≡
√

P(k)

P(k)ΛCDM

and compare to the analytic fit of the transfer function of a warm thermal
relic (that is a function of mTR)

T (k) = (1 + (αk)2ν)−5/ν
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I half mode analysis: define a scale
k1/2 at which T 2(k1/2) = 0.5 and
check whether T (k)2 ≥ Tlim(k)2,
∀ k ≤ k1/2 ⇒ if not, tested point is
disfavored

I lower bounds on mTR appearing in
the literature span the range
[1.9, 5.58] keV

I Nsub = 64 to be compared to the number of MW satellites

dNsub

dMsub
=

1

C

1

6π2

MMW

M2
sub

P(1/Rsub)

R3
sub

√
2π(Ssub − SMW )

I 1× 1012 M� < MMW < 1.5× 1012 M�
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I between TRH = MPl and 1014GeV
production from misalignment is
significant → can be avoided by
assuming P-Q symmetry breaking
after inflation

I aggressive structure formation
limits are clearly disfavoring
decaying DM interpretation of the
excess in X-ray data, while
conservative ones are marginally
consistent with it
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I milder structure formation limits
due to colder DM with respect to
the photophilic scenario

I flavor universal scenario disfavored

I with data from forthcoming Vera
Rubin Observatory existing limits
can be improved significantly to
ma & 50 keV
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I ALPs are currently one of the most popular BSM extensions, being
studied and tested across several mass scales

I we studied keV-scale ALP DM produced via freeze-in through feeble
interactions with photons and SM fermions

I ALP momentum distribution has been calculated with two distinct
approaches utilizing Maxwell-Boltzmann and quantum statistics

I using Lyman-α forest data and the observed number of MW
companions we derived structure formation limits

I for the photophilic ALP DM, the most aggressive limits exclude ALP
DM masses below ∼ 19 keV, complementing constraints from X-ray
data, while constraints for photophobic ALP are slightly weaker

I future experiments will improve the limits to ma & 60 keV for both
scenarios


