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Standard Model of Elementary Particles

mass - =2.3 MeV/c?

charge - 2/3 u

spin = 1/2
up
=4.8 MeV/c*
113 d
12
down

0.511 MeVic?

e

1/2
electron
<2.2 eVic*

0
12 -I)e

electron
neutrino

=1.275 GeVic?

2/3 C

112
charm

=95 MeV/c?

-13 S

12

strange
105.7 MeV/ic?
El
. H
muon

<0.17 MeV/c?
. Du
12

muon
neutrino

=173.07 GeV/c?
23 t
112
top

=4.18 GeV/c*
-113 b
112

bottom

1.777 GeVic?

El

112 [

tau
<15.5 MeVic?
0
Dr

12

tau
neutrino

Figure:

@€

gluon

€

photon

91.2 GeVic?

¢

Z boson

80.4 GeVic?

1

=

1

W boson

=126 GeVic?

3/31



Motivation




Dark Sectors

DM2
DM1

Dark sector 2

Dark sector 1

Visible sector

SM

5/31



Field Content

Field s | Generations | SU(2), | U(1)y | U(1)p
(VRa)T 3 1 0 -9
XL 1 1 0 4
(ve)! 1 1| o0 | s
b1 2 1 0 10
(W) | 2 1 | o | -1
H 1 2 | —12| 0
S 1 1 0 -9
n 1 2 | —1/2 | -1
) 1 1 0 -1

Table: Fermion and scalar content with its quantum numbers.
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Lagrangian of the Model

The Lagrangian of the model:

LD YcXI?XLS + (yx)U%Z),T?,-T/)LJS + (ynR)aiV,T.?albLiq) + (ynL)ia%Z),T?;La - fj+h.c.
where:
_ 217 2~ 2 2 2 2 ~
V(H,n,S,®) = —pH - H+ myij - n + mg|®|° — p5|S|” — [pcfi - H® + h.c]
1 - 1 ~ ~ 1
+ oM (A H)? o+ S 0)? + AaH - Hij i+ MaH i+ H o+ 506 S
7 2 2 1 4 2
+A6H - HISP® + A7[ S - 11+ S Xl " + Ao|®*H - H
+ A10|®2[S? + Axa|[®[%F -
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Scalar Fields that acquire VEV

The mass matrix for scalars that acquire VEV:

2
2 —Mz + %A@Vsz — 3)‘% /\5VV5
My = 23y 2 Aev?
)\6VV5 — Mg + 5)\5V5 + 5
that is diagonalized by a unitary transformation ZHm,z,Z,I = m% diag’ such that:

ho _ 7 hi\ [ cos@ sinf h
SO) = “H\h ) T \—sin® cosb) \ h
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Lambda couplings

We can write the A1, As, and Ag couplings can be written in terms of the mixing angle 6 and

the eigenvalues my, , as:
2 2
1 (ms —msg )
_ 2 2 ho hy
A1 =5,2 | M +m —_—

/T + tan2(20)

1 (mf, — ;)
Xs == [ m? +m? 4 ——2 1’
> 722 ( . h2 1+ tan?(26)

S
1 m:—m?
h2 M__ tan(26)

" 2w, /T + tan2(20)

A6
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Extra Scalars

L==Tm’== (770 ¢) ( m727+%)\7V52+1%)\3V2+%)\4V2 1—%v,uc 1 ) (770)
—Lvpuc mg + 5A10v2 + 5Agv? ¢

2

where the mass matrix m can be diagonalized via an orthogonal transformation:

Uzm2 UL = (m=)?°¢ = diag(my, my)

cosf= sinf=
Uz = <—sin95 c0595>

with:
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Dirac Fermions

The mass Lagrangian for fermions in the second dark sector is:

11 12 1
c=wh ) (% %) (U5) +he = vl matn+he

21 22
Yx© Yx

where the matrix my, is diagonalized as:
Zimy, Zk = (my)*E = diag(myy, mys) (1)
with

[ costir sinO g
ZL’R_<sin0L7R cos O R (2)
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Neutrino masses
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Kinetic Mixing and EW Gauge Bosons

This model has a new gauge boson B;L associated with the new U(1)p gauge symmetry that
interacts with the SM sector via kinetic mixing €. The Lagrangian for B;L reads:

.2
1 ' € v !
Lg = — ZB‘/”’B m — EBIU,B“ t3 Z [Wiy"(ak + biy®) B, Wi]
k=1
2

+ (DXX)DXEX + 90 Y "Dy (14 7°)Blva
a=1
where, ay = Ty = Ay by = Gy + Gyt B;W =0,B], — 8,,BL, B, = 0,B, — 0, B, are the
strength tensor for BL and B, respectively, and:

D/)f = 8# - ingDB,:

for X =S, ®,n and gx are the charges under U(1)p of the scalar fields, gp is the new gauge
coupling and v, are Dirac neutrinos.
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Kinetic Mixing and EW Gauge Bosons Il

In the basis V,, = (B,, Wlf, BL)T, the mass matrix for the neutral gauge bosons reads:

1
Ly =3 VTEMEV,
where:
) g e —gie
Mg = v | —ae & g182€

2
—gle  gugoe 324g3 5 + gi€?

After the diagonalization of this matrix, we have three eigenstates. Those are the massless ~y
photon, the SM Z gauge boson with a mass mz ~ 91.1 GeV, and the new dark photon Z’
with a mass mz ~ 9gpvs/(1 + €2).
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Dirac Neutrino Masses

The easiest way to generate Dirac neutrinos masses is to add right-handed neutrinos which
couplet to the SM lepton doublet through the term:

L= h5eP Ll Hy(vk)T
The Dirac neutrino mass matrix:

1% v v
’V’szyfjﬁ

then the Yukawa couplings must be of order 10713,
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Boltzmann Equations

The relic abundance of DM Q; (i = 1,2) for (W1, W) in the standard freeze-out is obtained
after solving the Boltzmann equations:

—2
dm _ 1100, .2 1122 [ 2 oM 3H

—~— =-o0, (n—n1)—o, ny —ny— | —3fm
t n2
dno 3
2200/,2 -2 2211 [ 2 2 My

r =—0,""(n; —13) — o, n2—n1ﬁ— — 3Hny
1

where nj(i = 1,2) is the number density for the DM particle, A; their respective equilibrium

values and a@de is the thermally averaged cross section, that satisfies ﬁaﬁbaide = ﬁcﬁdaﬁd"b.
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Annihilation and Conversion

It allows us to study the relevant processes that play a role in the evolution of the Boltzmann
equations and affect the relic density of DM:

ii00
i (T)= o (7).
Canm( ) U(/iOO(T)-FU(,UJ(T)
Chond ) =g D)

~ol0O(T) +0l(T)

i #j=1,2. Those parameters are evaluated at the typical freeze-out temperature:
T ~ my, /25. Notice that by construction,
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The decay width of the dark photon into neutrinos renders:

(8262 +4q2,83)
64

rZ'HU,'l/,' = 3 MZ'
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DM Annihilation |
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DM Annihilation Il
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One-Component Limit
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Parameter Space |

Parameter Range

Mz: /GeV 1-103

gp 1073 -1

Ve 1073-1
(mw,é — my,)/GeV | 1 -5 x 103

9 107 —-1073
01,0r 1073 — 27

Ak 1074 -1
mp,/GeV 125 — 5 x 103
m2/GeV? 10° — 108

m3 /GeV? 106 — 108
pie/GeV 102 — 2 x 103
€ 1072 — 1072
YnL 107 -1
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Parameter Space |l
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Parameter Space ||
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Parameter Space IV
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Parameter Space V
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Parameter Space VI
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Parameter Space VII
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Conclusions

We show a complete UV realization of a secluded WIMP dark matter model with an extra
Abelian gauge symmetry that includes two-component dark matter candidates, where Dirac
neutrino masses are generated at one-loop via a scotogenic realization of the effective operator
for Dirac neutrino masses in the SM. Our paper explains the relic abundance of dark matter,
even without kinetic mixing. Also, it can be tested in direct detection experiments like
DARWIN. However, the annihilation of dark matter particles into gamma rays is highly
suppressed due to the dark nature of the Abelian gauge symmetry. The model's parameter
space explains the relic abundance of DM and Dirac neutrino masses. It is also compatible
with cosmological and theoretical constraints, including the branching ratio of SM into
invisible, Big Bang nucleosynthesis restrictions, and the number of relativistic degrees of
freedom in the early universe, even without kinetic mixing.
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