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Dirac dark matter, neutrino masses, and dark baryogenesis
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We present a gauged baryon number model as an example of models where all new fermions required to
cancel out the anomalies help to solve phenomenological problems of the standard model (SM). Dark
fermion doublets, along with the isosinglet charged fermions, in conjunction with a set of SM-singlet
fermions, participate in the generation of small neutrino masses through the Dirac-dark Zee mechanism.
The other SM-singlets explain the dark matter in the Universe, while their coupling to an inert singlet scalar
is the source of the CP violation. In the presence of a strong first-order electroweak phase transition, this
“dark” CP violation allows for a successful electroweak baryogenesis mechanism.

DOI: 10.1103/PhysRevD.106.055021

I. INTRODUCTION

In this work, we present a self-contained framework to
explain the main phenomenological problems of the stan-
dard model (SM) by using a dark sector with a gauged
baryon or lepton number Abelian symmetry, both of which
allows for a wide range of Z’' masses and gauge couplings
[1,2]. In this kind of model, fermionic dark matter serves as
the source of the CP violation required to generate the
baryon asymmetry of the Universe [3,4]. We also search
for all the solutions to the anomaly conditions compatible
with the effective Dirac-neutrino mass operator, focusing on
their scotogenic realizations. In this setup, we can have a
dark sector that contains proper dark matter candidates and
sources both the baryon asymmetry of the Universe and the
smallness of neutrino masses.

The minimal field content for a gauged baryon or lepton
number requires the inclusion of an electroweak-scale set
of fields consisting of a vectorlike fermion doublet and a
vectorlike isosinglet [5—7], which behave as anomalons of
the Abelian symmetry [3,4]. The corresponding chiral fields
acquire masses from the Abelian gauge symmetry’s sponta-
neous symmetry breaking (SSB) at some higher energy
scale. This condition fixes the absolute value of the baryon
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or lepton number charge of the complex SM-singlet scalar
responsible for the SSB.

Extra SM-singlets are required to cancel out the anoma-
lies. In this work, we show that the anomaly conditions
for a gauged baryon or lepton number symmetry can be
expressed in terms of the well-known set of Diophantine
equations

(-
2N

R
I

o

a=1 a=1

where z,, can be chosen as integers without loss of general-
ity. The dataset with the full set of solutions with N < 12
and |z,| < 30 [8], can be used directly here. From there, we
can choose the solutions with at least two repeated charges
to be assigned to the right-handed neutrinos in the effective
Dirac-neutrino mass operator with the complex SM-singlet
scalar to some nonzero power.

We further filter out solutions for which the extra SM-
singlet fermions can get masses from the SSB of the
Abelian symmetry. We found 951 U(1), solutions that are
classified into 25 types of multicomponent [9] and multi-
flavor [10] dark matter models. We focus on the phe-
nomenology of the minimal U(1), solution, which allows
for effective Dirac-neutrino masses, and contains just a
Dirac-fermionic dark matter (DM) particle. The DM fields
play a leading role as the source of the CP violation
required for generating the baryon asymmetry [3] through
the Yukawa coupling with one extra SM-singlet scalar
(with the same Abelian charge as the scalar responsible for
the SSB). The potential for this scalar and the Higgs leads
to the strong first-order electroweak phase transition
(EWPT) required to have successful electroweak baryo-
genesis [11]. This SM-singlet scalar can acquire a vacuum

Published by the American Physical Society


https://orcid.org/0000-0001-6455-5564
https://orcid.org/0000-0002-6256-8545
https://orcid.org/0000-0002-4808-3277
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.055021&domain=pdf&date_stamp=2022-09-16
https://doi.org/10.1103/PhysRevD.106.055021
https://doi.org/10.1103/PhysRevD.106.055021
https://doi.org/10.1103/PhysRevD.106.055021
https://doi.org/10.1103/PhysRevD.106.055021
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

RESTREPO, RIVERA, and TANGARIFE

PHYS. REV. D 106, 055021 (2022)

expectation value (VEV) at high temperatures, increasing
the tree-level potential barrier and allowing for a
stronger EWPT.

The dark CP violation is diffused in front of the bubble
walls, creating a chiral asymmetry for the DM particle. The
asymmetry is transferred to the SM sector by the timelike
component of the Z' background, which serves as the
baryon number chemical potential for the SM quarks
through the anomalous currents of the Z’ [3,4], resulting
in a net baryon asymmetry inside the bubble. Since CP is
spontaneously violated in the dark sector, the model is safe
against contributions to quark electric dipole moments.

The required heavy anomalons can also be used to realize
the effective Dirac-neutrino mass operator through the
Dirac-Dark Zee radiative seesaw mechanism. In this way,
the dark sector can also explain the smallness of the neutrino
masses. As in the original Dirac-Zee model, the extra scalar
content is just a set of isosinglet charged scalars [12], which
does not affect the anomaly cancellation conditions.

Since the right-handed neutrinos can be thermalized in
the early universe through their Z’ interactions with the SM
quarks, we need to remain consistent with cosmological
constraints on the effective number of relativistic degrees
of freedom Ny [13]. This constraint goes in the same
direction as the constraints from direct detection cross
section of the Dirac-fermionic dark matter with the
nucleon, requiring large vacuum expectation values for
the scalar field responsible for the SSB of U(1) ;. However,
we still have room to explain the SM’s three more critical
phenomenological problems, which can be fully explored
in future experiments.

The structure of this article is the following, in Sec. II, we
present the general framework to define a gauged baryon o
lepton number Abelian symmetry. In Sec. III, we focus on
the minimal U( 1)z model with a Dirac-dark Zee mechanism
to generate small neutrino masses and a Dirac-fermionic
dark matter candidate. In Sec. IV, we establish the con-
ditions to have successful electroweak baryogenesis and
perform the random scan to obtain the models which satisfy
all the experimental constraints, including the proper AN ..
Finally, we present our conclusions in Sec. V.

II. LOCAL U(1)y EXTENSION OF THE
STANDARD MODEL

We extend the standard model (SM) by adding a general
local U(1), symmetry and a set of new chiral fields with
X-charges as displayed in Table I, including N’ SM-singlet
chiral fermions, two isosinglet charged fermions e}, and
¢/, and two SU(2), doublets with components L) =
(Nyey)T and L} = (N%ef)T. It is worth noting that,
without this minimal set of extra chiral fields with nonzero
hypercharge, it is not possible to have zero lepton (quark)
X-charges, as required by a gauged baryon (lepton)
number symmetry [5,7].

TABLE 1. Fermion content and its quantum numbers.
i=1,23a=12,...N.

Field SU(2), U(l), U(l)y
UpR; 1 2/3 u
dp; 1 -1/3 d
(0) 2 -1/6 0
(L)f 2 1/2 L
eg, 1 -1 e
(L)) 2 1/2 —x'
eh 1 -1 x
Ly 2 -1/2 x’
(ef)t 1 1 —x"
Xa 1 0 Za

There are several conditions that we need to impose on

the charge assignment to achieve the goals of our model:

(1) The model must be anomaly free.

(2) At least two of the new SM-singlet chiral fields y,,
must correspond to the right-handed neutrinos asso-
ciated with light Dirac neutrino masses. We require
that these fields have the same U(1)y charge.

(3) Two SM-singlet chiral fields, say y and y;, can form
the Dirac-DM particle that also participates in the
baryon asymmetry generation. These fields couple to
a heavy scalar field @ that spontaneously breaks
U(1)y and provides mass to the chiral fields. For
simplicity, we assume that the same scalar field
provides the mass for the heavy doublets L} and
L% (and the heavy isosinglets e}, and e}). These
requirements impose the following conditions on the

X-charges
9o = Gy T 90, (2a)
do =4y T 491 =—[qe, T g1y ] ==X +x". (2b)

The anomaly cancellation conditions on [SU(3)]?
U(1)y, [SU(2),]2U(1)y, [U(1)y]?U(1)y, allow us to
express three of the X-charges in terms of the others

2 1 4 1
oL — (=" _ T (=
Wu=—e 3 9(x X", d e+3 9(x X",
1 1
0=t ®)

while the [U(1)4]*U(1), anomaly condition reduces to
(e+L)(x —x")=0. (4)

Note that the vectorlike solution x” = x’ leads to the
same solution as the SM extension with only extra singlet
chiral fermions with no hypercharge in Ref. [ 14]. This kind
of solution is incompatible with a gauged baryon or lepton
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number and will not be considered here. To cancel out the
[U(1)x]*U(1), anomaly, we choose instead

e=-L, (5)
so that [4,15]

1 1 / 1

Notice that, because of Egs. (5) and (6), the X-charge of the
Higgs must always be zero in these scenarios.

The gravitational anomaly, [SO(1,3)]*U(1)y, and the
cubic anomaly, [U(1)y]?, can be written as the following
system of Diophantine equations, respectively,

N N
ZZaZOa ZZSZO, (7)
a=1 a=1

where N = N’ + 5 and

Znyy =X,
i=1,2,3, (8)

/
IN'41 = =X,
v424i = L,

It is worth noting that, to our knowledge, it is the first time
that the gravitational and cubic anomaly equations are
expressed in the most general way for the gauge baryon
or lepton number Abelian symmetries. This will allow us to
use the already known general solutions to the Diophantine
equations (7) for local U(1) symmetries with only extra SM-
singlet chiral fermions [16], but assigned to the new fields.
In fact, until now, only specific solutions to the full set of
anomaly conditions for the gauge baryon or lepton number
Abelian symmetries have been reported in the literature
so far.'

Notice that any solution of Egs. (7) can be readily
interpreted as gauged baryon number symmetry, U(1),, if
we do not assign any integer of the solution to L, so that it
remains zero. The simplest solution to have U(1), is for
N’ = 2 with a massive SM-singlet Dirac fermion. Then, in
addition to fixing L = 0, we can choose 73 = —z; = =X’
and z, = —z, = x” [7]. However, in this kind of solution,
neutrinos are still massless, as in the SM. We are interested
here in solutions where the right-handed neutrinos are also
charged under U(1), or U(1),

To have a gauge lepton number symmetry U(1),,
however, we require two additional conditions on the
solution of Egs. (7): (a) the set must have three repeated
integers whose value must be assigned to L; and, since
Eq. (6) can be rewritten as

"The vectorlike solution for U(1), and U(1), in [4], in the
proposed ordering, are respectively (1,1,1,¢4,—¢— N, —q.
g+N,—1,-1,-1) and (¢,—-N,—q,—q.N,+ ¢q) with mass-
less neutrinos in the last case. While the chiral U(1), solution in
[15]is (2,2,2,-3,6,—4,-5,-3,0,1,1,1).

9Q: - Z Zas (9)

(b) the corresponding subset of integers z,, in (8) must add
to zero.

In this way, the previously found solutions for SM-singlet
chiral extensions of the SM with effective Dirac-neutrino
masses [8] can be used directly here. There, a SM-singlet
scalar @ appears in the effective Dirac-neutrino mass
operator [17], in terms of Weyl fermions,

*

: O\ ¢
Eeff:h,‘j”(uRa)TeabL?Hb(K> +H.c., with i=1,2,3,
(10)

and 6 =1,2,... for dimension-d =4 4+ § operators. We
only consider solutions with at least two repeated charges, v,
to be assigned to the right-handed neutrinos, vg,,

X1 = VRLs --» XN, = URN, > 2<N, <3, (11)
and with the scalar @ providing mass to all pairs of SM-
singlet chiral fields, like the ones in Eq. (2a). Since all the
solutions in [8] have at least one massive SM-singlet Dirac

fermion, it is always possible to reassign it to x’ and x” as in
Eq. (2b), so that all the solutions in [8] satisfy

L—-v
5 b
|qtl>| = I)(a +)(ﬂ|

9o = 90| = [=¥" + X7,

a.fp=N,....N' (12)

Then, we can reinterpret each one of the dark symmetries,
U(1)p, in [8] as a gauged baryon number symmetry,
U(1),.> Note, however, that the integers which solve the
two Diophantine equations (7) in both cases, are now
assigned to different fields. While in the dark symmetry
case the integers of the solutions corresponds to charges of
extra SM-singlet chiral fermion fields, and the SM charges
are neutral under the new gauge symmetry; in the gauged
baryon number model, two of the integers need to be
assigned to the set of nonzero hypercharge fermion doublets
and isosinglets, and only the SM-lepton sector is neutral
under the new symmetry. This leads to completely new
phenomenology with contributions to N, flavor observ-
ables, and direct detection and collider constraints on Z’,
which will be studied below for one specific solution. On
the other hand, the active symmetry solutions U(1)y in [8],
which also require three repeated charges, need to be
checked against the extra conditions from Egs. (2) and
(9), with Q = 0, before they can be identified as a gauged
lepton number symmetry, U(1),.

*The type of solutions with m = 0 in Table 1 of [8].
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FIG. 1. Diagram for the Dirac-dark Zee model.

We are interested in the case of a scotogenic scenario
where the dark sector participates in the radiative neutrino
mass loop. To realize the effective Dirac-neutrino mass
operator with d =5, we consider the Dirac-Dark Zee
topology as shown in the diagram in Fig. 1. In order to
have a rank-2 light Dirac-neutrino mass matrix, we require
the addition of two sets of two isosinglet charged scalars
o, and 'y, (a = 1, 2) with X-charges ¢ and ¢’ respectively.
Then, we have

c=1L+x, o =v+x, go =0—0o', (13)

and we can always recover the conditions in Eq. (12) for
0 = 1. In this way, this topology can be realized for all the
0 =1 solutions in [8]. The same happens for any other
topology that realizes the effective Dirac-neutrino mass
operator since the addition of the scalars does not affect
the anomaly cancellation. In fact, once the anomaly con-
ditions are satisfied, any extra fields that are required to
allow for the mass operator must be either scalar of
vectorlike fermions.

III. AN EXPLICIT IMPLEMENTATION FOR U(1),

In this work, we consider a specific solution to the
conditions from Sec. II in order to realize neutrino masses,
dark matter, and baryogenesis. We analyze the integer set
(5,5,-2,-3,1,-6) in Ref. [8] [ordered according to
Eq. (8)], which is a solution to Eq. (7) and allows the
effective Dirac-neutrino mass operator at d = 5. We can
reinterpret this as a local U(1); with Q =5/9, x' = —1,
x" = —6 and the particle content shown in Table II, up to a
global factor of —3/5. This factor has been included in the
column U(1), of Table IL

With the new U(1), charged chiral fermions and the two
sets of charged isosinglet scalars (¢}, ¢'7), it is now possible
to realize the scotogenic Dirac-Dark Zee topology as
displayed in the diagram in Fig. 1. The new charge
assignment allows for the following terms in the Lagrangian

TABLE II. Fermion (top) and scalar (bottom) content and its
quantum numbers, i = 1,2,3, a = 1,2 with proper normalized
baryon number charges with a global factor —5/3.

Field SU(2), U(l)y U(l)g
Up; 1 2/3 u=1/3
dpg; 1 -1/3 d=1/3
() 2 ~1/6 0=-1/3
(L;)* 2 1/2 L=0
er 1 -1 e=0
(Ly)f 2 1/2 —x' = -3/5
e 1 -1 X' =3/5
Ly 2 -1/2 X" =18/5
(e})T 1 1 —x" = -18/5
Vg1 1 0 -3
VR2 1 0 -3

AR 1 0 6/5
()" 1 0 9/5

H 2 1/2 0

N 1 0 3

O] 1 0 3

o 1 1 3/5

o'y 1 -1 -12/5

~L 2 o) 7r®* + hyo(ep) e] @+ he o (L)) Lp®*
+hf Ly Liog +has(rr) xrS* + hys(e)ter S*
+hes(Ly) LRS* + hvp i’y + hoH' (k) Ly
+h, (L) el H+H.c., (14)

where a,f = 1,2 and i =1,2,3. The h’s are Yukawa

couplings, which we assume to be real parameters for

the sake of simplicity, except the parameter h,g which

remains complex and will lead to CP violation in the model

as in the baryogenesis mechanism studied in Refs. [3,4]. We

will further explore this mechanism in Sec. I'V. Finally, the

Lagrangian also contains the scalar potential

V(H,S, ®,65,0%)

=V(H)+V(S)+V(®)+ V(cs) + V(c'E)

+ [ Sof o'y + KL Doty + Mg (S ®)2 + Heel, (15)

where

V(¢l) - ’uézd);(b’ + /I(ﬁi((bj-qbi)z + j’(/),(/),-¢j¢i¢;¢j

+ (Ap, 50l §:iS*®@ + H.c.), (16)

with ¢; = H,S,®,6},06';, and i < j.

A. Symmetry breaking and spectrum

In this model, the scalar ® develops a vacuum expect-
ation value (VEV), (®) = vg/ /2 that remains constant as
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the Universe evolves near the EWPT, where the SM Higgs

develops its VEV, (H) = v/+/2, with v = 246.2 GeV. At
zero temperature, the scalar fields S, 6, 6'; do not obtain
a VEV.

At zero temperature, after the electroweak symmetry
breaking, the scalars H = (G*H°)T and ® are mixed. In
the basis (h°, @), the mass mixing matrix is given by

2 __
mi=(

where H® = (h° + v +iG°)/v/2, ® = (®° + vg + iG")/
V2 and G*, G°, G” are Goldstone bosons. This matrix is
diagonalized by a unitary transformation

=320 + i =3V Ao —VUoAno )
—3Ano v + g —3vg e

(17)

—VVopdhe

th%thT = mlzz,diag’ (18)

such that

<h0>_2h<h1>_(co§a sina>(h1>. (19)
P° hy —sina cosa /) \ h,

The fields ¢} and ¢/; mix among themselves and
generate four heavy charged scalars that will play an
important role in the generation of the neutrino masses
via one-loop as displayed in the Feynman diagram in Fig. 1.

In the basis (6,0 3 4, the charged-scalar mixing matrix is
given by

Dppt® 44 kv
i = L (9T 1 2,2 | (20)
\/i (K(D ) Uq) EXH,(F%U + /lo_/a
which is diagonalized by a Z* matrix, such that
+ Zi + —
Ztmy 2 =my. ding’ (21)
where
o
o5 4
— +h+
S @)
1 ij=1
oy

Also, there is a heavy scalar S that will play an important
role in the baryogenesis mechanism.

Regarding the new charged fermions shown in Table II,
we have that, in the basis E;; = (¢}, e?), Eg; = (k. ),
the charged-fermion mixing matrix is given by

) — ——

1 hev  h.gv
mo= (T
\/E ]’lb.qﬂ)(p /’lh’l)

This matrix can be diagonalized by the biunitary trans-
formation

Vim, (UR)T = m&ee, (24)

€n

= (e}, (ek)"), are defined by
sinf;, > <e’L >
cos@, )\ el )’
sin @ e
)
costr ) \ eyl

where 0,  are the two mixing angles.
Also, in this model, there are two new neutral dark Dirac

fermions
N; XL
R XR

such that N will be a heavy fermion and y will be the
candidate for the DM particle.

Finally, the mixing matrix for the neutral gauge sector is
given by

where the mass eigenstates ¢/,

cosO;

/
€rn = VanLl - .
—sind;

cos Og

(i)l = UF (Egy)' = (

—sin QR

gt =i 0
m%: —iglgﬂz iggﬂz 0 . (27)
0 0 99303

where g1, ¢, gp are the U(1),, SU(2), and U(1), gauge
couplings. After diagonalization, the mass eigenstates are
given by three neutral gauge bosons (y, Z,Z’), where y is
the photon field, Z is the SM gauge boson, and Z’ is a new
gauge boson with a mass my = 3gpve.

B. Dirac neutrino masses

When the scalar fields H and @ acquire VEVs, neutrinos
obtain Dirac masses via the five-dimensional effective
operator in Eq. (10), whose one-loop realization is shown
in Fig. 1. The diagram yields the mass matrix

2
Mg =D hl x Ay x b, (28)

p=1

where Ay is the loop factor given by

055021-5
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L 17R
an Unlmeii

2
=1

| &
— + 7t
N =162 E_ ZjaZ s
j=1 n
2 2 2 2
} my 1r1(mel,1)—mHj+ 1n(mHj+) )

(mi - méf )

where Z;_rj,

Egs. (22) and (25). m,,, my+ are the masses of the dark

V{fj and U{j are the rotation matrices defined in

electrons and the charged scalars that are rotating in the
loop, respectively.

Neutrino oscillation data at 3¢ [18] allow us to set the
values of the Yukawa couplings in the Eq. (14). In the basis
where 1% are mass eigenstates, the mass matrix (28) can be
written as [19]

M = (Upmns) ix (M, ) (30)

where Upyns 1S the Pontecorvo-Maki-Nakagawa-Sakata
matrix [20] and (m,), are the neutrino mass eigenvalues.
Comparing the Egs. (28) and (30), we have 10 unknown
parameters, h‘éﬁ,hﬁf’, and 9 equations. We can further
simplify our analysis by imposing normal ordering for
neutrino masses, m,; < m,, < mu3,3 and leave the cou-
plings W as free parameters. We obtain the following
relations:

h? — free,

Bil — 1 h?msz,»z _hgzmﬁUB
TN RPRE PR )

1 <hi3my2 Up— hizmw Ui3>

hiiz = +A_2 hEhﬁz _ hézh?

(31)

By construction, these Yukawa couplings will reproduce the
current neutrino oscillation data [18].

This neutrino mechanism can be probed at the LHC by
searching for the electroweak-scale set of vectorlike
isosinglet-doublet fermions [21-23], and could be distin-
guished from the similar Dark-Zee mechanism with
Majorana neutrinos by the absence of the extra inert scalar
doublet [22].

C. Dark matter

In this work, the Dirac fermion y = (y;,yr) is the DM
candidate. The processes involved in the calculation of the
DM relic abundance include yy — L,l;, y7 — q:7;
XX = Vil XX = Wy 0 = WZ, i = WZ', 0 = Z'Z'.

The evolution of the relic abundance of DM follows the
standard WIMP freeze-out mechanism [24]. In the early

3Alternatively, we could choose inverted ordering for the
masses, m,3 < m, < m,,, and the analysis would proceed the
same way.

X X X X
|
VA : i,
|
q q q q

FIG. 2. SI independent DM-nucleon interactions: Vector (left)
and scalar (right) portals.

radiation-dominated era of the Universe, y was in thermal
equilibrium with the primordial plasma. As the Universe
cooled down to a temperature below the DM mass, the DM
annihilation rate was overtaken by the expansion of the
Universe, I' < H, and a relic density of DM was frozen-
out. The current relic abundance of DM depends on the
thermally averaged annihilation cross section (ov) ~ a+
bv* 4+ O(v*), which yields [24,25]

5 2.04 x 109xf
Q= :
MPl \V4 g*(m)()(a + 3b/xf)

where g, (m) is the effective number of degrees of freedom,
x;=m/T and h is today’s Hubble parameter in units
of 100 km/s/Mpc.

This model allows for direct detection signatures since
the DM scatters with nucleons through the z-channel with
the Z’ and scalars h;, gauge boson as shown in Fig. 2. The
spin-independent (SI) cross section for the interaction via
the Z' gauge field is given by [26]

(32)

2 2 4
g 1 Mymy, g

o — T T aa . N\ ’
N dn (My + my)? M,

(33)

where My is the nucleon mass (neutron or proton). We only
show here the vector interaction because it is the dominant
process. This was verified numerically in Sec. III C 1.

1. Dark matter results

To study the phenomenology of this specific U(1)g
model, we have performed a random scan of the parameter
space, varying the free parameters as described in Table III.
We implemented the model in SARAH [27-31], and coupled
it to the SPheno [32,33] routines to obtain the spectrum. To
compute the DM relic density, we used micrOMEGAs 5.0.4
[34], which includes the channels discussed above and
some special processes such as coannihilations and reso-
nances [35]. Out all points in the parameter space, we
selected the models that yield the current value for the
DM relic density, Q)(h2 = 0.1200 £ 0.0012 to 36 [36] and
reproduce the neutrino parameters, following the analysis
described in Sec. III B. For those models, we computed the

055021-6



DIRAC DARK MATTER, NEUTRINO MASSES, AND DARK ...

PHYS. REV. D 106, 055021 (2022)

TABLE III. Scan ranges for free parameters of this model.
Parameter Range
ve/GeV 10?2 —2 x 10*
9B 1076 — 1
hiab.ey sy Mg M 1074 -1
he 10_5 -1
k§*/GeV, kg’ /GeV 1074 -1

2 02 2 2 61010
(s g Ha) | GeV 10°-10
Ao 1074 =1
Aows AsHs Aols Aol 1075 -0.1

SI DM-nucleus scattering cross-section (33), and checked it
against the current experimental bounds from PandaX-4T
[37], XENONIT [38], and prospective constraints from LZ
[39] and DARWIN [40]. Additionally, we have filtered out
those points that are inconsistent with monojet searches at
the LHC [41]. The results are shown in Fig. 3.

In Fig. 3, the models under the red continuous line and
m, 2 10 (GeV) survive the current experimental limits
imposed by PandaX-4T [37] and could be explored in
the near future by the LZ [39] and DARWIN [40] experi-
ments. It is noteworthy that there are points in the figure
that fall into the neutrino floor (yellow region). They could
be confused with neutrino coherent scattering (NCS) with
nucleons, and they need a special analysis that is beyond
the scope of this work.

An additional component of our analysis is the calcu-
lation of the spin-dependent (SD) WIMP-neutron cross-
section using micrOMEGAs. We found that all models under
the red line have a SD cross-section 65° < 10* pb, which
falls below the experimental constraints from XENONIT
[46]. Furthermore, the SD cross section obtained is below
the prospects as LZ [39] and DARWIN [40].

107* 3
—— Pandax-4T-2021 %" e .
—— XENON1T-2018 , ¢&° .

O 10_6< ==Lz ° :

o DARWIN cagle, *

C L]

g 10—8<

>

2

c 10—10<

=

B

F -12

a= 10 H

pode®
[}
107144 :
107! 100 10! 102 103 104
m,(GeV)

FIG. 3. The SI cross section (blue dots) and the current

experimental constraints from PandaX-4T [37], XENONIT
[38], and prospects from LZ [39] and DARWIN [40]. We also
show the Neutrino Coherent Scattering (NCS) [42—45].

IV. DARK CP VIOLATION AND ELECTROWEAK
BARYOGENESIS

The third goal of this work is to generate the baryonic
asymmetry in the Universe. The standard lore lists the
conditions for a theory of baryogenesis as the Sakharov
conditions [47]: Violation of charge C, charge-parity CP,
and there must exist processes that occur after exiting
thermal equilibrium and violate baryon number, B. To
satisfy these conditions, we will adapt the mechanism
presented in [3,4] in which CP violation occurs in the
dark sector and is mediated to the SM sector by the new Z’
gauge boson. Baryogenesis results from the dynamics of
the same hidden-sector fields that are also responsible for
dark matter and neutrino masses. The goal of this section,
rather than presenting a new mechanism for baryogenesis,
is to show that models of scotogenic Dirac neutrino masses
and dark matter can easily accommodate electroweak
baryogenesis in the same fashion as [3,4].*

In the scalar sector of the model, the key fields in the
mechanism are the scalars H = h/v/2 and s = |S|. A
strong first-order phase transition is incorporated into this
scenario through the evolution of the VEVs of these two
fields, whose potential can be rewritten as [11]5

A A y)
V(hs) =02 =02 + 7 (s = w))? + RS (34)

where v and w are the VEVs for £ and s, respectively, at the
minimum of the potential. We require two stable minima,
(0,wy) and (v, w), for this potential and a tree-level barrier
between them. Furthermore, the global minimum at zero
temperature must be at wvgw = v(0) =246 GeV and
w(0) = 0. Following the potential analysis in [48], we
find that these conditions can be satisfied if

1 ﬂSHm%

/131.1 > 0, AHAS —ZJ%H < —7. (35)

At high temperatures, ®@ breaks the U(1), symmetry and
the global minimum of the potential is given by (0, wy(T))
and the electroweak symmetry is exact. As the temperature
decreases, the electroweak minimum forms with (v(T),
w(T)). At the critical temperature 7., both minima are
degenerate. For lower temperatures, 7 < T, the electro-
weak minimum becomes the global minimum. The finite-
temperature effective potential is given by

*Reference [11] presented another mechanism where CP
violation occurs in the hidden sector and there is a Yukawa
coupling between the dark and SM fermions.

We assume that the field @, which has a much larger VEV is
integrated out and does not play any role in the baryogenesis
mechanism beyond providing mass terms in the Lagrangian.
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FIG. 4. Left: T, dependence on Ag for different choices of Agy. Solid lines correspond to 7. = 130 GeV and dashed lines to
T, = 110 GeV. The range of the lines is bounded by Egs. (35) and (38). Right: the solid lines show the T-dependence of S3(7)/T in the
thin-wall approximation for different values of A¢ while keeping Ay fixed. The dashed lines show the value of S3(7',,)/T,, for each of the
choices of Ag. Notice that the green and orange dashed lines overlap.

Ay <h2 5? Ay v?

2
— = 1> + S pn2s?
2 2 2 4
4 v mg W .

[ C
(T2 = T2) (el + ¢,5%),

Vi(h,s) =
(36)

where the subscript ¢ denotes the quantity at 7 = T'.. The
coefficients ¢, and ¢, correspond to one-loop thermal
corrections and are given by

1

=13 (93 + 397 + 12y? + 242y + Agy),
1

=1 (34s + 22us)-

Ch

(37)

An additional condition, to ensure that the global mini-
mum for this potential is the broken one when 7" = 0, is

< |
Cy A

Using the thin-wall approximation [49], the nucleation
temperature, T, is defined by the condition [11]

exp (=51/T,) = (H(T"))4 (2’””)%, (39)

(38)

az\ T, S,

where S; is the Euclidean action of the bubble and H(T) is
the Hubble rate. In this approximation, to describe the
bubble wall profile, we use the ansatz in which the space
dependence of the fields is given by

(@) = 5 0(T,)(1 = tanh (2/L,),

1
s(2) = 350(1 + tanh (2/,,), (40)
where z is the direction normal to the wall and L,, is the wall
width and sy = w(T,). At the first-order phase transition,
bubbles nucleate and expand through the primordial plasma,

causing perturbations on the particle and antiparticle den-
sities. For a given set of parameters and critical temperature
T., we obtain T, by solving numerically Eq. (39). In Fig. 4,
we show the dependence of 7, on the coupling Ag for
different values of gy and two choices of T.. As we will
explain below, in our model, the nucleation temperature
does not turn out much smaller than the critical temperature.
Hence, the relevant regions in these curves are those on the
lower values of Ag, to the right of the inverted peak.

The velocity and width of the wall can be calculated
following the algorithm presented in [S0-52], where the
ansatz (40) is not used. Instead, starting from initial
guesses for v,, and L,,, small iterative variations are made
until the equations of motion for the bubble profile are
successfully solved. This is a computationally and numeri-
cally costly process. However, in the analysis presented
in [51], the calculation of the wall velocity for a scalar
potential like ours showed that there is a correlation
between the wall velocity and the supercooling parameter
r=u(T,)T./v.T,. Aslong as r remains relatively close to
the unity, r < 1.15, the models lead to strong phase
transitions with subsonic velocities, v,, < 1/+/3. In this
work, we will adopt this condition and vary the wall
velocity in the range 0.1 < v,, < 1/+/3. On the other hand,
the wall thickness can be approximated by [11,53]

. 2.7(v% +w?) 1+,15sz — 24503\ /2
" 'U%(/ISHW% - Z/IHU%) 42y v '

(41)

P and CP violation is incorporated by adding a term®

SV(S, ®) = dps®*252, (42)

°In the same spirit of [4], we could add other terms with
different powers of S, §* or @, however, we keep only this one for
simplicity. We also ignore the backreaction of SV into the
spontaneous breaking of U(1),.
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which is invariant under U(1), but generates a term §V ~
()22 after ® acquires a VEV. This term in the potential is
minimized by setting the phase of S equal to z/2. The
chiral fields, y; and yg, couple to both scalar fields ® and
S. After the spontaneous breaking of U(1)g, those chiral
fields acquire an effective mass

M, =m, + Aes, (43)

where m, = h,o(®) and we have parametrized the

Yukawa coupling h,s = Ae®=""/2. The parameters m,

and g are taken to be real, which is possible due to
the freedom to redefine the fields. However, we cannot
eliminate the complex phase in the second term. This phase
violates CP and will lead to opposite signs in the
perturbations of particles and antiparticles, resulting in a
net asymmetry in the interior of the bubble, which is not
washed out if the condition »(T,)/T, > 1 is satisfied [11].
The evolution of the particle and anti-particle distribu-
tion functions is obtained from the Boltzmann equations,
which are recast as the diffusion equation for the re-scaled
chemical potential, & (z) = u;(z)/T = 6(n; — i1;) /T3,

_DLé}/(,L - UW&)’{L + l—‘L (5;@ - é;(R) = SQP’ (44)

where D; is the diffusion constant for y;, which is related
to the scattering rate I'; by D, = (v; )/3T;. Here, ()
means thermal average and z denotes the normal direction
to the wall. Sz is CP-violating source that results from the
variation of 0 [54],

Av,Dy [P\ o
Sy — 2 PN pp2grye 45
cr 2 <U%}Z>T < wQ ( X ) ( )

where v,, is the wall’s velocity and

(2 = 3x+2 |p.| :(l—x)e_"+x2E1(x)
Pl x4 3x+2° ? 4mZK,(x) |
m, soA(—2 + cosh(%)) sin @

x=m, T, (M) =" ( )

L;,cosh* ()

(46)

E (x) is the error function and K (x) is the modified Bessel
function of the second kind.

The novelty of this mechanism, as presented by the
authors of [3,4], is that the chiral particles, for which
the asymmetry is initially generated, do not couple to the
SU(2), current, but instead give rise to a non-zero U(1),
charge density in the proximity of the wall. This results in a
Z' background that couples to the SM fields with U(1),
charge,

_ T3 [ ,
<ZE)> _ gB(q)(%M q)(R) n/ dZ/fXL (Z/)e—MZ/\z—z |’ (47)
7 -

(5]

where £, is given by the solution to Eq. (45), which is
given by [3,4]

£, (2) = / " 421Gz - 21)Ser. (48)

[Se]

where G(z) is thee Green’s function

D—l e—k+z’ 7> 0
G(z) = —*~ { i, ,
ki—k_ et z<0
UW 8FLDL
k,=—11+L4/1 . 49
+=p, ( T ) “9)

The Z' background generates a chemical potential for the
SM quarks,’

H0(D) = gy () =3 X5 X 05(Z4(2)),  (50)

which sources a thermal-equilibrium asymmetry in the
quarks [4], AngQ(z) ~T2pp(2).
Finally, the baryon-number asymmetry is then given by

I, [ I,
nB—LphA dzngQ(z)exp <— ‘phz>, (51)

UW w

where I'y,, is the sphaleron rate, Iy, ~ 120a3,T,,. The
baryon-to-photon-number ratio is then obtained by

ng 27[2

(1) = 505N, (2

where g¢,5(T) is the effective number of relativistic degrees
of freedom.

Our goal is to find what regions of the parameter space
yield a baryon-number asymmetry approximately equal to
the measured value [55],

0.82 x 10710 < 5, < 0.92 x 1071°, (53)

We computed the baryon asymmetry for the U(1)g
model presented in Sec. III for those points in the parameter
space that are consistent with neutrino masses and that

'At T = T, the heavy fields L) and L} are already thermally
decoupled and the U(1), current in the plasma is anomalous with
respect to SU(2),. This allows the generation of the nonzero
chemical potential [4].

055021-9



RESTREPO, RIVERA, and TANGARIFE

PHYS. REV. D 106, 055021 (2022)

TABLE IV. Scan ranges for the free parameters that are
involved in the baryogenesis mechanism.

Parameter Range

0 (—z/2,7/2)
50/GeV (100, 500)
T./GeV (100, 150)
Asn (1075,0.1)
A (1073, 1.0)
vy (0.1,0.5)

produce the expected relic abundance of dark matter. For
the free parameters that are not involved in neutrino mass
and dark matter calculations, we performed a random scan
in the ranges shown in Table IV.

The results are displayed in the plane M, — gy in Fig. 5.
The blue points are models that fulfill the relic abundance
of DM and neutrino masses (displayed also in Fig. 3). The
black points are the models that, in addition, yield the
observed baryon asymmetry (53) and are not excluded by
direct detection of DM. We found that, for M, = 800 GeV,
ng is always lower than the experimental value. This
behavior is understood from the fact that the baryon
asymmetry scales as ~gz/M,. For illustrative purposes,
we include in Table V the average values of the parameters
that yield the black dots in Fig. 5.

Models with low vg, and m, 2 10 GeV are excluded by
direct detection of DM. This is understood because
according to Eq. (33), the SI cross section scales as
1/v§ which needs high values for vg to past the current
experimental bounds of PandaX-4T. In addition, in Fig. 5,
we show the limits from the hadronic widths of Y and J /y,
constraints from the LHC dijet searches [58], and con-
straints from meson decays [57]. Finally, the right-handed
neutrinos contribute to the number of relativistic degrees of
freedom. We computed this contribution [56] and required
that AN < 0.3, as measured by the Planck collaboration
[36]. This results in M, /gg = 30 TeV, which implies
ve 2 10 TeV. This constraint imposes a strong restriction
over our model as it excludes, in Fig. 5, the green
region. The bottom line is that only the black points under
the green continuous line M, /gg = 30 TeV reproduce
the relic abundance of DM, neutrino masses, and the
baryon asymmetry at the Universe while being allowed by

100

z:g"iu'f’e Ol o DM+v,+05+1ns

10 109 10' 102 103
Mz' (GeV)

FIG. 5. The blue points are the models shown in Fig. 3 that
fulfill the relic abundance of DM and the neutrino masses. The
black points are those that are not excluded by direct detection of
DM and give the observed baryon asymmetry at the Universe.
The green-shaded region is in tension with the measured number
of relativistic degrees of freedom [56]. The other shaded areas
show the exclusions coming from meson decays [57] (yellow),
the hadronic widths of Y and J/y (purple and orange), LHC dijet
searches [58] (red), and from non-detection of the anomaly-
canceling fermions [59] (gray).

direct detection of DM and cosmological constraints
on ANg.

V. CONCLUSIONS

We have added an explanation to the smallness of
Dirac-neutrino masses in the framework of electroweak
baryogenesis through the Z' boson of a gauged baryon or
lepton number, by using the required non SM-singlet
fermions fields as the scotogenic particles of the Dirac-
dark Zee model. In addition to generating Dirac masses
for neutrinos and the expected relic density of dark matter,
the dark sector is responsible for providing the necessary
amount of CP violation and the nonzero Z' background
to generate the baryon asymmetry in the Universe. We
scanned the parameter space requiring that these goals
be achieved while being compatible with direct detection
experiments and big bang nucleosynthesis. We found that
models with 800 GeV = M/, = 30 MeV can satisfy all
conditions with dark matter masses in the WIMP range.

TABLE V. Average and standard deviation of the parameter values that yield the right baryon asymmetry.

My /GeV  logiogs m,/GeV 0 logioAsy  logiods logiod  s9/GeV L,T, T,/GeV T./GeV v,
Average 86.49 -3.1 272.0 0385 -1.50 -2.38 -0.64 3465 448 111.6 1312 0.252
Std. dev. 80.0 0.94 184.2 1.274 0.79 1.20 0.38 93.6  3.17 10.3 6.1 0.13
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