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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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Simple WIMP dark matter model: Inert doublet model: Deshpande&Ma’'77
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Effective neutrino masses
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Scotogenic one-loop realizations
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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
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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
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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
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arXiv:2409.09008

Q(3,2) = V3ar%, + bA3, + 2co, V3aXs, + bA, + 2c03, V3aXE, + bA3, + 2c0d,
A+ e ary + — 2C0y), a3z + — 2c03;,
. V3ard, + bA3| — 20, V3ars, + bA3, — 2co3, V3a\s, + b\, — 2c03,

0(3*,1) = — v3aX8, — bAY;, —V3ax3, — b3, —V3a\; — bl

d(3*,1) = — V3ax}; — bAY;,  —V3a)\}, — bA3,, *\/§3A§3 — bA3;

S=la+b+ca+b—ca—b+ca—b—c—2a+c—-2a—c,—a—b—a—b,—a+b,—a+ b,—2a,23
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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:\mew/mz/. 14



Multi-component and two-mediator DM with kinetic mixing

Dark sector 1 Dark sector 2
1
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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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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 )
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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 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

[¢17Qp_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)]
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Anomaly-free chiral U(I)D and its scotogenic implication
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Majorana

¢ =2 [1,1,(2,-4),(4,-6), (3. -5)]

Secluded DM with Majorana fermion candidate
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Chiral dark matter and radiative neutrino masses from gauged U(1) symmetry
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New decay channel: Z — v
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In progress...
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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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