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Dark Matter - The Mystery of This Century

Dark Matter

» not charged under U(1)gn and SU(3)c¢
stable or long lived

» not in SM particle list

Dark Energy

» Direct detection

» nuclear recoils from DM scattering
» Collider searches

P typical signal:missing energy + mono object
P Indirect detection

» classified by annihilation product: «, v, e*...

SM
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Neutrino Mass and Baryon Asymmetry of the Universe

» a large number of models for explaining neutrino mass

» the most popular realization is type-l seesaw in which heavy
right-handed neutrinos are introduced

0 M vE
LD %HL (Mg)— I\/Ii) np ng = (NLR>

y = —MpMg*M]
» Sakharov conditions: Violation of baryon
number, C and CP violation and
departure from equilibrium

» baryon asymmetry produced from lepton
asymmetry through sphaleron processes

» high-scale thermal leptogenesis and low-scale
ARS mechanism work within type-1 seesaw
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The vMSM Model

proposed by Asaka, Blanchet and Shaposhnikov (hep-ph/0503065,0505013)

3 RH neutrinos in type-l 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

» the latter are responsible for baryon asymmetry through ARS mechanism

» solves “all problems” and in addition there is no hierarchy problem
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» naturalness bound: Mz < 107-10% GeV

P Ghiglieri, Laine (1905.08814) insufficient
abundance of keV-scale DM in vMSM?
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Scotogenic Model

» proposed by Ma (hep-ph/0601225)
P our idea: explain neutrino masses and generate observed baryon asymmetry
and dark matter abundance within the scotogenic model (1806.06864)

» one of the main motivations: Z; symmetry forbids N — v~ implying no
X-ray limits
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. T
lepton sector Lagrangian: £ ykiNkSLi — S NEMg Ny, + hc.

Ar’U ykzyky Mk

neutrino mass: (mu)ij /2 for scalar masses mg > M
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Neutrino parameters

» Casas-lIbarra Parametrization (hep-ph/0103065)

- T
y =1VAN TR /m, Upyns
» global fits indicate a certain preference for normal mass ordering

» 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

» m, = diag (0, \/Amsolar’ \/Amgtm + Amsol)

R (0 cos(w — i) —sin(w—i&))

0 sin(w—1i¢&) cos(w—i¢)
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Dark Matter

» production via freeze in from the decays of Z>-odd scalars
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e
Dark Matter

» production via decays of frozen out next-to-lightest Z>-odd fermion

N2 Mass
Strong gauge
TeV interactions
2-body decays
100 GeV!
» using micrOMEGAs for getting abundance of N,
M
2 2 1 few keV
QN2—>N1 h* = QNQh

Hierarchy

1079

1079} pa=1TeV
A3=0.1

Coannihilation

107 x=05 10’“—\&,\.:05—
101 LogiAsl=-83
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my, [GeV]
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Leptogenesis

ARS Decays . — NL
coherent L
L, N, oscillations N, L »
—)—'— L ) —'—>— ------
\ A
& U & H

> ARS leptogenesis proceeds via right-handed neutrino oscillatibr®
(hep-ph/9803255)

> |epton asymmetry generated in each flavor

» decays of the ¥ doublet at finite temperatures serve as an additional
source of CP violation

> the process was often neglected in literature being proportional to
(Mn,/T)?

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



Leptogenesis
Hambye, Teresi 1705.00016

Hernandez et al. 1508.03676,1606.06719
Drewes et al. 1606.06690; Abada et al. 1810.12463

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

» reaction densities and washout terms
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» production for smaller §y occurs later and

washout effects are effective during a shorter time
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Leptogenesis

1 1
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» Voa, Y3 Can not be made smaller than O(107°)

» strong washout regime
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Leptogenesis
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Leptogenesis

» both ARS and ¥ — NL decays matter
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-
DM and Baryon Asymmetry

» avoid overproduction of DM — large Yukawa couplings
» successful baryogenesis —> small Yukawa couplings

» reconcile these requirements by taking small couplings and employing
small mass splitting between Z,-odd scalars and fermions —
coannihilations set DM abundance

ints: 2 -7 4 (17ev\’ (10-8)?
» BBN constraints: ly2a|? > 6.3-10 (1”1%\/) (’"I\Z) (\yﬂ)

0.100| DN -3
£ decays Cr*=7.61x10

GrM=1.13x1071

0.001 » Qpn,—n, DM contribution is

negligible being in accord with
Ngg and structure formation limits
(Heeck, Teresi 1706.09909)
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DM and Baryon Asymmetry

my, [GeV]
my, [GeV]

36 37 38 39 40 41 42 36 37 38 39 40 41 42
3 3
o = 600 GeV w2 = 800 GeV

> we identified the parameter space in which the produced DM
abundance and BAU are in accord with the observed values
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Collider prospects?

» If coannihilations of N, with new scalars are significant, N, can stay
longer in the thermal equilibrium and freeze-out with much smaller
abundance — coannihilations are only effective if the mass splitting
between Ny and scalar is tiny

» in our consideration are dilepton signatures; small splittings would
lead to very soft final state leptons that are hard to reconstruct at
LHC

» production from N, decays is not suppressed
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- ____________________________________
Structure formation and Nk

» > decays
e*ZﬁErf[ﬁ} B efz<é+1)

N > , .,
fi(z,r) = 4G 2z =) St Gty/Te
6|y1|2m 3lyvi12m 3
X = Mparent) T cr =M ( Pme | shaPms \y1| mA>
> average DM momentum z£°? = p/T ~ 92

» N, decays
» DM distribution from N5 decays adopted from 1502.01011
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Structure formation and N.g

» The effective number of relativistic species after electron-positron
annihilation p;,g = [1 + % (14—1)4/3 Neff] P~

» The contribution to AN from Np can be estimated by comparing its

energy density against the one corresponding to a fully relativistic
neutrino with temperature T, (Merle, 2015)

> AN(T,) =
e e 1, if T, > 1MeV
a [ [ ) o e ]

()3, T, < 1MeV

s
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Collider prospects

dominant decay to e* and u* dominant decay to 7+
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0.1 - LFV excluded
0.05
0.05
LFV excluded
H E
+ +
[ =
Oﬂf/’o ’;i ’:i
x, d g
0.01 0.01
0.1 0.2 0.4 ) 0.6 l048 1 0.1 0.2 0.4 0.6 08 1
my, my,
my

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




-
HL-LHC

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

» HL-LHC — integrated luminosity of up to 4000 fb~! at \/s = 14 TeV
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FCChh and CLIC: dilepton signature

=+ §y=5@30ab”!
= §=2@30ab”' Di-1
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m.[GeV]

» FCC-hh and CLIC will provide the

1200
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possibility of scanning a large

200 400 600 800 1400 1600

portion of parameter space that is not restricted by BBN and Ng

» FCC-hh will test higher o™ masses while CLIC can test the region
with small mass splittings between N, and scalar states
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Discussion:

» 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)

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

Logj g [GeV™]

Cadamuro, Redondo 1110.2895
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Model

1
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» photophilic keV-scale ALP DM = hints in X-ray data (3.55 keV
line, see Jaeckel et al., 1402.7335)

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

Cayy 0, Cags =0 Cayy =0, Cafs #0
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! < lg e
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Cf /g f v/9

» freeze-out leads to overproduction — FREEZE-IN

» using equations of motion, coupling to fermions can be reexpressed as
(2mg/f,) af ysf

» in the photophobic case, the DM production rate is suppressed with
respect to photophilic one by m¢/ Try
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-
ALP DM

>

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

[gt Hpaaa ] f(pa; t) = C(pa)

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

assuming Maxwell-Boltzmann statistics and with abbreviations
r=my/T and x = p/ T the distribution reads (Heeck, Teresi,

1706.09909)
) eo[ 52

f(x,r)= 167T2me2/ dr/ dya(

ALP distribution function for both philic and phobic case can be
expressed analytically
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-
ALP DM

» DM freeze-in abundance in photophilic scenario

3/2 2

2 106.75 Ca’y'y/fa mpm TRH

Qpmh” ~ 0.12 ( g ) (10717 Gevﬂ) (10 keV) <2.6~1015 GeV>

> S’fo%B"’/QfBﬁfa ~ 1/20 due to logarithmic divergence in t-channel regulated by

thermal mass of a photon
» DM freeze-in abundance in photophobic scenario

3/2 262 2
2 DM > mencqle Catt [ fa
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100 102

f(p.T) MoTruc2/ 71
.
f(p.T) (MoTru 2/ £71

NN | €2, Quantum stat. il

o+ WM, [xTru/ks] MB stat. H
aff f
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| | rf,w Quantum stat., QED

107

photophilic
(p)/ T ~ 3.24

photophobic
(p)/ T ~2.36

» distribution fuhiction for fB — fa in photophilic scenario turns
negative at p/ T = Exp [—1/4 + ~£] %

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

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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Structure formation probes: Lyman-a and satellite counts

» warm DM can wash out structures at small scales and this can be
quantified by the suppression of the matter power spectrum P(k)

» two complementary probes: Ly-a forest and the number of MW
subhalos

» Ly-« 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

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

P(k)
P(k)acom
and compare to the analytic fit of the transfer function of a warm thermal

relic (that is a function of mg)
T(k) = (L + (ak)®) ™"

T(k) =
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N
Structure formation probes: Lyman-a and satellite counts

o » half mode analysis: define a scale
\\\ k1/2 at which Tz(kl/Q) = 0.5 and
08 by check whether T (k)? > Tiim(k)?,
.. \ Vk < kyjo = if not, tested point is
& \ disfavored
Toaf Ty \ » lower bounds on mtr appearing in
...... , m, =5ke \ K
02l — ALP,m,=10kev d the literature span the range
--- analytic, mmg = 1.9keV
_ analztic, mrg =5.58 keV [197 558] keV
0.0 =
1071 10°
k[hMpc~1]

stub

> N,p = 64 to be compared to the number of MW satellites

_ 11 Muw P(1/Rsub)
dMy,,  C 672 M2

ub RS \/27(Seub — Smw)
> 1 x 102 Mgy < My < 1.5 x 102 M,
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Photophilic ALP

> between Try = Mp; and 104GeV

107y === production from misalignment is
significant — can be avoided by
10716\10“68V MS1 ] assum.ing I?-Q symmetry breaking
S =0 AR after inflation
% 1077 cons. agg.
e | Lyman-a 4.9keV | 19.1keV
“\?;10,1& I INTEGRAL| MW subhalo | 10.3keV | 17.4keV
< EJ el 2‘3 3 > aggressive structure formation
10_197]”\”?‘@\\ "]| 2| E; ) Iimits.are cIearIy disfavor'ing
\I\‘+~i §§ decayln.g DM interpretation of the
| It excess in X-ray data, while
10700 |5 1(|, : =7 100  conservative ones are marginally
Mg [keV] consistent with it
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Photophobic ALP

» milder structure formation limits

107° I .
: due to colder DM with respect to
I . | TesP
I | the photophilic scenario
1079.5 | |
_ [ ’ ‘ COns. ‘ agg.
T> | | Lyman-a 3.7keV | 15.5keV
3 10-10 [N MW subhalo | 7.8keV | 13.3keV
"?: I L » flavor universal scenario disfavored
5 I : :
° | » with data from forthcoming Vera
107105 ' . . oming ve
| g @3 2B T, Rubin Observatory existing limits
E! §| 1 R can be improved significantly to
Lo s = m, 2 50 keV
1 5 10 50 100

m, [keV]
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Summary

»

>

>

ALPs are currently one of the most popular BSM extensions, being
studied and tested across several mass scales

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

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

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

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

future experiments will improve the limits to m, = 60keV for both
scenarios
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