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Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!
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Cosmic Microwave Background temperature: T =2.726 K with AT/T ~ 107°

The Cosmic Microwave Background - as seen by Planck. Credit: ESA and the Planck Collaboration
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Planck’s power spectrum of temperature fluctuations, AT, in the Cosmic Microwave Background. Credit: ESA and the Planck Collaboration



CDM: Q =1,

Symbol Value
Qph? 0.02230(14)
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Large scale structure simulations: Gas of not hot and almost collisionless dark matter

Cold Dark Matter Warm Dark Matter Self-Interacting Dark Matter
(Slow moving) (Fast moving) Strongly interact with itself
m~ GeV-TeV m~ keV Large scale similar to CDM,

Small structures form Small structures are Small galaxies are different
first, then merge erased
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Credit: Arianna Di Cintio (Conference on Shedding Light on the Dark Universe with Extremely Large Telescopes, ICTP - 2018)

Particle: from elementary sub-eV to Primordial Black Hole of several solar masses



Cosmic web

Dark matter connects clusters of galaxies with massive tendrils, forming a cosmic web

that serves as an unseen skeleton for the universe.
https://phys.org/news/2018-06-years-scientists—account-universe.html

Simulation of cosmic web
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Cosmic web

Dark matter connects clusters of galaxies with massive tendrils, forming a cosmic web

that serves as an unseen '
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Simulation of cosmic web

Galaxy redshift surveys vs large scale structure formation simulations: V. Springel, et al astro-ph/0604561 [Nature]
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Cosmic web

Dark matter connects clusters of galaxies with massive tendrils, forming a cosmic web

that serves as an unseen skeleton for the universe.
https://phys.org/news/2018-06-years-scientists—account-universe.html

These great filaments are made largely of dark matter located in the space between galaxies

and filled with 60% of the primordial gas!

An excess of a gas (200) is observed between Milky Way a

[MNRAS] *

Clouds of HI likeky embeded in a filament between M31 and M33: arXiv:1305.1631 [nature] 6

1 See also: arXiv:1603.05400 [A&A]


https://phys.org/news/2018-06-years-scientists-account-universe.html

A filament of dark matter between two clusters of galaxies

Supercluster system of three galaxy clusters

= Abell 222 (south) detected at ~ 8¢
= Abell 223 (north) double galaxy cluster seen at
~ (o
reconstructed surface mass density (blue)‘

significance contours from 0.5¢0 to 2.50
J.P. Dietrich et al, arXiv:1207.0809 [Nature]

For a recent review see: arXiv:1905.08991




Three-dimensional pictures of Lya filaments

# AGN-host SMGs
@ X-ray AGNs

The 3D distribution of Ly« filaments shown
with
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H. Umehata et al, Science 366, 97, 4 Oct 2019
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Example: Inert doublet model: Deshpande&Ma’'77

SM + Inert Higgs doublet Lopez Honorez& et al'06
W+ (2)
Ho., . Hy (2 Ho. A w2
nt ) H™ (4) e \{
U= Ho + iAo Ho W (2) I ) Ho' W= (2)

CTA Sensitivity to the Inert Higgs Doublet Model  queiroz&Yaguna'1s
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All points satisfy relic abundance and DD limits
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Effective neutrino masses

Majorana
Baryon and Lepton Nonconserving Processes Naturally Light Dirac Neutrinos in Gauge Theories
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Effective neutrino masses

Majorana
Baryon and Lepton Nonconserving Processes Naturally Light Dirac Neutrinos in Gauge Theories
Steven Weinberg (Harvard U.) (1979) M. Roncadelli (Munich, Max Planck Inst.), D. Wyler (CERN) (Aug, 1983)
Published in: Phys.Rev.Lett. 43 (1979) 1566-1570 Published in: Phys.Lett.B 133 (1983) 325-329
pdf @ DOl [ cite [ referencesearch D 2488 citations 5 poj [ cite [ reference search 2 116 citations
Name 5U(2)L U(].)y U(].)L Z’2
VR 1 0 —1 —

LM:yWML-HL-H+h.c—>AL:2 Lp = yp(urf T H+he

Avoids Higgs mechanism for vg — Z,

Mpvrrr — U(1) 10



Scotogenic one-loop realizations

Majorana

Systematic study of the d=5 Weinberg operator at one-loop order
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Radiative seesaw mechanism at weak scale
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From Z, x U(1) to local U(1)g_,: Dirac

Dark matter stability and Dirac neutrinos using only Standard Model symmetries
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From Z, x U(1) to a (secluded) U(1) gauge symmetry with chiral fermions

In a fundamental theory the elementary fermions are expected to be chiral, i.e, the their
charges should not allow a mass term larger than the scale of spontaneous symmetry
breaking. For any set of chargues associted to a U(1) gauge symmetry

Z= [217227"' 7ZN] P
The triangle anomaly with three U(1) gauge bosons on the external lines, i.e., the [U(1)]3
anomaly, and with one U(1) gauge boson and two gravitons on the external lines should also

be cancelled

N N

> Z, =0, > 7z =0, (1)

a=1 a=1

16



U(1)y: no vector-like, i.e., pairs of fields with ‘equal-but-opposite’ charges

The hypercharge for one generation in the standard model can be seen as gauge Abelian
symmetry U(1)y with 15 left-handed Weyl massless fermions with integer charges

Y=1[1,1,1,1,1,1,—4,—4,—4,2,2,2 -3, -3, 6]
which satisfy
> vi=o > vi-o.
i i
If we introduce an scalar, H, of charge 3 we can form Yukawa couplings through the Dirac
pairs

ta =(1,—4), (1,—4), (1, —4), do =(1,2), (1,2), (1,2), e=(-3,6)

and the chiral fermions acquire Dirac masses after the EWSB. They are degenerate because
the additional color symmetry. One remains massless, v, = (—3). The renmant Z3 symmetry
guarantees the stability of the lightest quark

17



Secluded gauge U(1) without vector-like fermions:

S:[X17X27"' 7¢1a¢27"' ad)N/]

s Dark Higgs mechanism: Singlet dark Higgs ¢ acquires a vev and give mass to the dark
photon

L = ipla? (8, — ignZ,) va — %v,w V3 hathatoed™ +he—V(e).  (2)

a<b
= S, are the charges of SM-singlet right-handed chiral fermions with N > 5
= x,; massless fermions with i=1,--- , N with N/ < N

= 1), multi-component dark matter. massive after the spontaneous symmetry breaking of
U1)p witha= N +1,--- N
» Larger parameter space: Dark photon, Z, exclusions instead of B — L-like Z
» Two mediators with Z' and ¢ masses are related by (arXiv:1610.03063)

h/gD = \/§m¢/mz/ o 18



Multi-component and two-mediator DM with kinetic mixing

Dark sector 1 Dark sector 2
1

£

'Y;Z

SM

Visible sector
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Two-mediator: Dark photon and dark Higgs

€
Lo >—=B,B"

<h1> _ <cosa —sina) (RQ(HO)> After the diagonalization of the kinetic terms

hy sina cosa Re(S)
L 2 Z/u(eeJ/EM = gDJ‘Lf))
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z' Z
; SM
; SM
by 7 by
T; SM

DM conversion channels

\112 g 1 I 2
z h;
T, 70

4
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1
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Effective Dirac neutrino mass operator arXiv:2112.00524

Decrease the number of charges to be assigned to dark matter particles, ¥; below

[X13X2a"' >¢1aw2a“' 717Z}N’]

Secluded case:

[V»Va(V)7¢1,¢27“' ﬂ#N’]

X1 = VRL;" "y XN, —> VRNy» 2< N, <3,

Lot = hi (vri)T eap L Hb(¢ ) +Hec, withij=1,2,3,

¢ is the complex singlet scalar responsible for the SSB of the anomaly-free gauge symmetry

and Igive mass to all 1/}a|
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Effective Dirac neutrino mass operator arXiv:2112.00524

Decrease the number of charges to be assigned to dark matter particles, ¥; below

[X13X2a"' >¢1aw2a“' 717Z}N’]

Secluded case:

[5,5,—3,-2,1,—6]
X1 — VR1, X2 — VR2, N, =2,

‘Ceff = hij (VRa)-‘- €bc ij HC (f\) + H'C'7 with J = 17 27 3 )

23



Effective Dirac neutrino mass operator arXiv:2112.00524

Decrease the number of charges to be assigned to dark matter particles, ¥; below

[X13X2a"' >¢1aw2a“' 717Z}N’]

Secluded case:

[5,5,—3, -2,1, 6]
X1 — VR1, X2 — VR2, N, =2,
‘Ceff = hij (VRa)-‘- €bc ij H* (f\) + H'C'7 with J = 17 27 37

z=1[5,5-3,-2,1,—6] = ¢ = -5 — [(5,5), (=3, =2), (1, —6)]

L C h_3_2)¥-30—20" + hy _5)Y19—6¢" + h.c. .



Majorana Dirac

[’(/1171?27.”71/JN]7 Nmin:S [V>V7(V)7¢17¢27"'7¢N’]a N:NV+IV,
Na » Ny Na »~ Oz
L (0 ¢y L L (0 % VR
' v
® LD
Y Y LHHE Y t i e
ALLHH /\LLHH/\ A y(vr)' LH — y(vr) LHA
10} Igive mass to all ¥, I ¢ Igive mass to all wal
~ 1000 solutions [x,y, -] with N> 8 ~ 1000 solutions [v,v, (v),x,y, -] with N> 6
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Majorana

© 1,2, YN

[V,l/, (V)7w17w2a"' ad)N/]

I o 9 I
D

p=2— [\1\/1/ (2,—4),(4,-6),(3.-5)]
Ya

Anomaly-free chiral U(I)D and its scotogenic implication
Chi-Fong Wong (Macau U. Sci. Tech., SSI) (Aug 19, 2020)
Published in: Phys.Dark Univ. 32 (2021) 100818 * e-Print: 2008.08573 [hep-ph]

pdf & Dol [= cite @ claim [@ reference search %) 10 citations
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Anomaly-free Abelian gauge symmetries with Dirac scotogenic models

Nicolds Bernal (Antonio Narino U.), Julidn Calle (Antioquia U.), Diego Restrepo (Antioquia U.) (Feb 11,2021)
Published in: Phys.Rev.D 103 (2021) 9, 095032 - e-Print: 2102.06211 [hep-ph]
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Majorana

¢=2—[1,1,(2,-4),(4,-6), (3. -5)]

Secluded DM with Majorana fermion candidate

m, =200 GeV, e=10"
0.6 T r : = -

0.5
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mpy [GeV]
Chiral dark matter and radiative neutrino masses from gauged U(1) symmetry

K.S. Babu (Oklahoma State U.), Shreyashi Chakdar (Holy Cross Coll. and Munster U,, ITP), Vishnu P. K (Sep 13, 2024)
e-Print: 2409.09008 [hep-ph]
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¢=9—[[9,9,9,(1,-10), (1, —10),(—4, —5)],

New decay channel: Z — v

107 x
w— XENONNT-2023
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In progress...
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Many other venues
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Conclusions

Scotogenic models, which explain dark matter and neutrino masses and mixings, have diverse
realizations with a wide range of predictions through various portals and messengers.

When applied to chiral dark matter models arising from Abelian gauge symmetries, the
stability of dark matter is automatically ensured, giving rise to a rich secluded dark sector.
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