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Dark matter and radiative neutrino masses in conversion-driven scotogenesis
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The scotogenic model generates Majorana neutrino masses radiatively, with dark matter particles running
in the loop. We explore the parameter space in which the relic density of fermionic dark matter is generated
via a conversion-driven freeze-out mechanism. The necessity for small Yukawa couplings to initiate
chemical decoupling for conversion processes naturally reproduces small neutrino masses as long as the
active neutrinos are hierarchical. The model can also resolve the recently reported deviation in the W-boson
mass while satisfying constraints from direct detection, charged lepton flavor violation as well as collider
bounds. Parts of the parameter space lead to long-lived particle signatures to be probed at the LHC.
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I. INTRODUCTION

The scotogenic model [1] is a simple explanation of
neutrino masses and dark matter (DM), connecting these
two strongest proofs for physics beyond the Standard Model
(SM). As a particularly welcome feature, neutrino masses
generated in the scotogenic model are naturally small due to
loop suppression factors and the heavy DM mass. DM
consists of either the lightest new fermion or the lightest
neutral scalar; the latter is highly reminiscent of the inert-
doublet model [2—4]. Constraints from direct and indirect
detection as well as charged lepton flavor violation restrict
the parameter space and offer possibilities of verifying this
model (see Refs. [5-7] for recent work in this direction).

The loop diagrams leading to neutrino masses contain
DM and, thus, link neutrino parameters to DM couplings.
These couplings are severely constrained in the region of
parameter space where DM is produced via thermal freeze-
out. However, our incomplete knowledge of the active-
neutrino parameters, notably the mass of the lightest
neutrino, makes it possible to suppress some of the DM
Yukawa couplings to an arbitrary degree. This might be
considered fine-tuning but opens up the phenomenologi-
cally interesting region of freeze-in DM [8—10] explored in
Refs. [11-13] within the scotogenic model.

In this article, we point out that there is a region of
parameter space in which the Yukawa couplings are
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between the freeze-in and freeze-out values, enabling a
conversion-driven [14] (or coscattering [15]) freeze-out
scenario. No particular fine-tuning is required; all entries
of the Yukawa matrix can even be of similar order of
magnitude. The moderately small Yukawas necessary for
this new viable region have implications for the lightest
active neutrino mass and naturally suppress any direct and
indirect detection signatures, as well as charged lepton
flavor violation.

Motivated by the recent precision measurement of the
W-boson mass by CDF [16], which exceeds the SM
prediction by 70, we focus our analysis on the region of
parameter space that can alleviate this tension, although
this is not strictly necessary for successful conversion-
driven freeze-out. The key ingredient for a larger W-boson
mass is the mass splitting within the new scalar SU(2),
doublet, which propagates to the W-boson mass at the one-
loop level. This solution is, of course, identical to many
other two-Higgs-doublet solutions of the CDF anomaly but
is connected to both neutrino mass and DM phenomenol-
ogy in the scotogenic model and, hence, less ad hoc.
Related studies of the impact of the CDF measurement on
the scotogenic and inert-doublet models have already been
presented in Ref. [17] and Refs. [18,19], respectively, but
with focus on different regions of parameter space.

The rest of this article is organized as follows: We
introduce the scotogenic model and our notation in Sec. IL
In Sec. III, we discuss how this model can explain the CDF
anomaly. Conversion-driven freeze-out is introduced in
Sec. IV and applied to our model. We discuss our results
in Sec. V and conclude in Sec. VL

II. MODEL

The scotogenic model [1] extends the SM by an
SU(2); x U(1)y doublet 5 ~ (2,1/2)—the same quantum
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numbers as the Higgs doublet ®—and (in the considered
case) three right-handed singlet fermions N3 ~ (1,0).
These new particles are odd under a new Z, symmetry,
while the SM particles are even; this guarantees the stability
of the lightest of the new particles and, thus, provides a DM
candidate. We will focus on the scenario where DM is made
up of the N, rather than scalars.

The interactions and mass terms of the right-handed
fermions N, take the form

_— 1
=Ly = YarLoiiNy + EzkszkaNk + H.c., (1)

where we have already diagonalized the Majorana mass
matrix of the N without loss of generality. The most general
renormalizable Z,-symmetric scalar potential V involving
the SM Higgs doublet @ and the new 7 reads

. D Y A
V=g ®® + 'y + 5 (@T0) + 2 (n'n)?

+ (@7 ®) (7"n) + A4(@n) (n' D)

_ <’%5 (@) + Hc> (2)

7 is negative to trigger electroweak symmetry breaking,
but y,% is positive and #n does not acquire a vacuum
expectation value. Any phase of A5 can be absorbed into
n and eventually the lepton fields, allowing us to restrict A5
to non-negative values without loss of generality, similar to
the inert-doublet model [20]. The unbroken Z, symmetry
ensures that there is no mixing between the SM Higgs h
and the new neutral scalars in 7, parametrized via

”‘(&5(:;14))' )

We note that, despite the formal similarity with non-
Z,-symmetric two-Higgs-doublet models [21], H and A
cannot be assigned definite CP properties [22], because
they do not have diagonal couplings to fermions. The
masses of the scalar fields after electroweak symmetry
breaking are given by [2]

3,

A A
2
my = ﬂ% +?(ﬂa + A4 = 4s), (5)
2 2 v?
mA:ﬂn‘F?(jg +l4+ﬂ.5) (6)

Here, v = \/—2u3 /2 ~246 GeV is the vacuum expect-
ation value of the SM Higgs doublet, with Higgs mass

my, =~ 125 GeV [23]. Our choice 45 > 0 defines A to be the
heavier of the two new neutral scalars without loss of
generality, with mass splitting given by 1s: m5 — m% =
Asv?. For later convenience, we define the linear combi-
nation of couplings

ﬂ.LEﬂg +A.4—/15 (7)
and note that some of our 4 couplings are defined differently

from other articles. The scalar couplings of Eq. (2) have to
comply with the vacuum stability conditions [2,24]

W0, >0, A+ 40, (8
A4 s — s+ /Ady > 0 (9)

and the perturbativity condition [3]
1225(23 + 44) + 23 + 22| < 50. (10)

Because of the unbroken Z, symmetry of the Lagrangian,
the Majorana fermions N, do not mix with the left-handed
neutrinos, so the latter remain massless at tree level.
However, the simultaneous presence of y, As, and my
explicitly breaks the lepton number by two units, generating
a one-loop Majorana neutrino mass matrix M, through the
diagrams shown in Fig. 1 as

(M) = Zy;kAky;’k’ with (11)
3

—(myg < my)|. (12)

(Our expression is smaller than Ma’s [1] by a factor 1/2, in
agreement with Ref. [25].) In addition to the loop suppres-
sion factor, neutrino masses in the scotogenic model can be
suppressed in several ways, all directly linked to the
restoration of lepton number and, thus, technically natural
in the sense of 't Hooft [26]: (i) small y, (ii) small 45, and
(iii) small my or very large my.
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FIG. 1. Radiative neutrino mass generation at one loop.
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In the present work, we are interested in the region of
parameter space where the Yukawas y;; are small, as this
enables conversion-driven freeze-out; for this, we note that
|Ay| is maximized when the mass splitting between the
scalars H and A is as large as possible and my, is equal to
the heavier one, A. This gives |Ay|~ /1535~ 1 GeV x
\/Z and, thus, a naive lower bound on the Yukawa of
Iy| = /M, /A| ~5 x 1076, assuming 15 is close to its
perturbativity bound A5 ~ 4 [3], which also requires large 45
and small A,.

A proper evaluation of the Yukawas including their
flavor structure can be obtained via the Casas-Ibarra
parametrization [27] adapted to the scotogenic model [28]:

Yy = Upuns '/ MRV A, (13)

where Upyns 18 the unitary Pontecorvo-Maki-Nakagawa-

Sakata matrix and M{ "¢ the diagonal matrix containing the
active-neutrino masses m, 3, defined through diagonal-
ization of M,. Furthermore, A is the diagonal matrix
containing the A, from Eq. (12), and R is some complex
orthogonal matrix. With these definitions, the above y
indeed solves Eq. (11) and allows us to use neutrino masses
and mixing angles as input parameters.

Neutrino oscillations have provided experimental access
to the three mixing angles and the Dirac CP phase within
Upmns, as well as the neutrino mass splittings [23]. The
overall mass scale and the mass ordering are unknown as of
yet, although there are preferences for normal ordering and
a hierarchical spectrum, m; < m,3, from global fits to
oscillation data [29] and cosmology [30,31], respectively.
Assuming normal hierarchy, a vanishing lightest neutrino
mass m; = 0, and otherwise the best-fit values for the
neutrino parameters from Ref. [29], we find

0 21 14
ly|~10°| 0 24 70 |, (14)
0 23 6.1

using a Casas-Ibarra matrix R = 1, my = 100 GeV, and
my, = my =266 GeV (i.e., 5 = 1). The order of magni-
tude matches the previous estimate, but here we see that one
of the N; can be arbitrarily decoupled in the limit of a
vanishing lightest neutrino mass. For m; = 1 meV, the first
column entries are around or below 107¢; while this is the
same order of magnitude as the other columns, it is just
small enough to make a considerable difference for DM
phenomenology. The situation is qualitatively identical in
the inverted-hierarchy case, where it is column 3 of y that
goes to zero with the lightest neutrino mass.

Since the Yukawas are the only portal between the SM
and the Ny, they are crucial input parameters to study the N
abundance in the early Universe. For |y,| < 1079, the N,

would be effectively decoupled from the SM bath and,
thus, nonexistent—assuming a vanishing initial abundance
after the big bang. The above discussion illustrates that the
two measured neutrino-mass splittings enforce that at least
two of the N, have couplings exceeding 1076, which are
large enough to put them in thermal equilibrium with the
SM at temperatures around their masses. One of the new
fermions, on the other hand, could be arbitrarily decoupled
if the lightest active-neutrino mass is tiny (as hinted at by
cosmology [30,31]). This was already observed and
employed for freeze-in fermionic DM in Refs. [11-13],
for which couplings |y| ~ 107!9 are required, considerably
smaller than the Yukawas of the other two N. As we will
show below, keeping the couplings of the third N slightly
below those of the other two—but of similar order of
magnitude—opens up a qualitatively different DM pro-
duction mechanism: conversion-driven freeze-out.

III. CORRECTION TO W-BOSON MASS

The CDF Collaboration has recently released their
legacy measurement of the W mass, 80.4335 GeV +
9.4 MeV [16]. This is not only more precise than any
previous measurement, but also deviates from the SM
prediction MM = 80.360 GeV + 6 MeV [23] by an aston-
ishing 70. The deviation can be interpreted as a sign for
new physics, which can impact the W-mass prediction
through self-energy corrections encoded in the oblique
parameters S, 7, and U [32,33] via [34]

S—=2c3T) «
M ~ MM I_W—W_Fﬂy, (15)
e Alchy —sw) 8y

where sy = sin @y, and ¢y = cos @y with the weak-mixing
angle 6y ~29°. Since U is suppressed compared to S and
T, we will neglect it in the following. The CDF measure-
ment then prefers S —2¢2,T ~—0.25. Additional con-
straints on S and 7 come from electroweak precision
observables such as 8y,. We will use the results of a recent
global fit including the CDF result [35], which finds the
best-fit value (S, 7T) = (0.17,0.27) as well as preferred 1o
and 2o regions that we use below. Similar results have been
obtained in other fits [36]. Since the best-fit point of this
global electroweak fit results in a W mass within 1o of the
CDF value, we will simply refer to it as the CDF-preferred
region in the following.

The oblique parameters of the scotogenic model at one
loop only depend on the scalar doublet # and are, thus, the
same as those of the inert-doublet model [2—4,37]. We shall
not display them here but note that, while it is not difficult to
generate a large 7' parameter through the doublet, a large
positive S is challenging and would require a very light H™.
The best-fit value for (S, T) of Ref. [35] can, thus, not be
accommodated in the scotogenic model, and even the lo
region is just barely in reach. Given the 76 discrepancy, this
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/\5=1.0
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FIG. 2. 1o (green) and 20 (orange) regions preferred by the
CDF measurement of My, assuming A5 = 1. The dashed blue
line shows m. The gray region is excluded by perturbativity [3]
with |14] < 10, whereas the black dotted line represents the bound
when 1, < 4.

is hardly of practical concern and still makes the scalar
doublet a highly preferred extension of the SM in light of
the CDF result.

Focusing on the small y (and, thus, large 45) region of
interest in this article, we show the CDF-preferred param-
eter space in Fig. 2. The 1o region requires a rather light
H™" with hierarchy my+ < my < my, forcing H" to decay
into N,ZF, reminiscent of supersymmetric slepton decays
into neutralinos and, thus, subject to stringent limits from
LEP [38,39], ATLAS [40—42], and CMS [43-45]. At 20 in
the global fit [35], we have ample parameter space that
survives collider constraints, including both hierarchies
my > my > my+ and mg+ > my > my. Even at 20 this is
a substantial improvement over the SM-only fit given the
70 deviation of the CDF result. Note that perturbativity and
unitarity together with the CDF result ultimately put an
upper bound on the masses that depends on the other A
couplings, as can be seen in Fig. 2.

IV. CONVERSION-DRIVEN FREEZE-OUT

Conversion-driven freeze-out [14] (or coscattering [15])
can be realized in regions of parameter space where the
preservation of chemical equilibrium through -efficient
conversions in the Z,-odd sector leads to an underabun-
dance of DMin this region, sufficiently small conversion
rates between DM (here taken to be N,) and its coannihilat-
ing partners can initiate the chemical decoupling of DM and
hinder its efficient dilution due to coannihilation effects. As
the chemical decoupling of and within the Z,-odd sector
may overlap in time, in general, abundances of all Z,-odd

particles need to be tracked individually; i.e., a coupled set
of Boltzmann equations need to be solved:

dx  3Hdx

Z(Gij—»SM”>(Yin - YY)

J

dy; 1 ds[

Cioie 5
+ p (Yi—YjY—;qﬂ» (16)

J#i

where i, j € {H,A,H",N, N,, N3}. Here, Y; denotes the
comoving number density of species i, and x = my, /T is
the temperature parameter (with 7' being the temperature of
the SM thermal bath), H the Hubble rate, and s the entropy
density. Furthermore, (o;;_svv) denotes the thermally
averaged annihilation cross section times Mgller velocity,
F’C;;]V the sum of the conversion rates for scatterings
and (inverse) decays, and Y;! the equilibrium density;
see, e.g., [14,46] for explicit expressions for these quan-
tities. We have neglected annihilations within the Z,-odd
sector, as they are of higher order in the involved couplings
and are negligible compared to the conversions in the region
of parameter space where chemical equilibrium within the
Z,-0dd sector is questionable.

In the scotogenic model, we can simplify Eq. (16). The
sizable couplings within the scalar doublet # due to its
gauge interactions render the conversions among them
efficient, and we can assume

Y, Y
T an

for i,j € {H,A,H"}, i.e., apply the well-known coanni-
hilation approximation [46]. We are left with the set
of 1+ 3 Boltzmann equations, one for Y, = Y Yiie
{H,A,H"} and one for each Yy,

dy, 1 ds e
= v - )

Tlomver vy’
Y, =Yy, | | 18
s (o))
dYNk 1 ds N qu
=Ny —y, L 1
dx 3sH dx conv,eff( n Ny Y;:\;]k ’ ( 9)

where we employed the commonly used effective cross
section

qu Y‘?q

<0ij—>SM”> (YZ—C‘)jz . (20)

(OV)eir = Z

i.je{HAH"}
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As we cannot assume efficient conversions between the
doublet states and N, the respective terms do not cancel
out when summing up the Boltzmann equations for the
scalars. Similar to the effective cross section, they can,
however, be expressed as an effective conversion rate:

r]—)Nk —
l—‘conv,eff -

i—N
Z FCODVk qu (2 1)
i€e{HAH"} n

Note that the annihilation rate of N, can safely be
neglected for the small Yukawa couplings compatible with
conversion-driven freeze-out.

The decay width of the charged scalar H* into a charged
lepton # and a Majorana fermion N reads as

2
|yik|2’nHJr <1 _ mlz\/k _ mfi >F|:m]2\’k mf :|1/2

167 m2. m? m2. mi.

FH+—>fiNk —

H* H*

(22)

with the function

Fla,b] =1+ a® + b* — 2ab — 2a — 2b. (23)

The decay widths for the neutral scalars {H,A} into v; N,
are obtained by simply replacing the respective masses in
the above expression, my+ — my 4 and m, — m,,.

For the numerical solution of the Boltzmann
equations (18) and (19), we compute (ov) Wwith
microOMEGAs [47], employing CalcHep [48] and the imple-
mentation of the inert-doublet model included in the
program package [49]. For the computation of the con-
version rate, we take into account only the contribution of
(inverse) decays following Eq. (22).

In general, conversions via scattering can be important,
in particular, for small x, i.e., at an early state of the freeze-
out process [ 14]. However, as we will show in Sec. V, in the
region of interest, the mass splitting between N, and the
lightest doublet state is small compared to the mass
splitting within the doublet. Accordingly, the considerably
stronger phase-space suppression of the decay of the
lightest inert state typically renders the respective rate
several orders of magnitude smaller than the one for the
heavier states. Hence, according to Eq. (21), the contribu-
It from decays of heavier states dominates
over the one of the lightest state at small x, i.e., for x
compatible with or smaller than the inverse of the relative
mass splitting within the doublet. As a result, scatterings
are significantly less relevant at an early state of the freeze-
out process where they could potentially dominate. In fact,
they can safely be neglected for the bulk of the parameter
space of interest, as we have checked by explicitly taking
into account their leading contributions for several

tion to I

benchmark points.1 Scatterings can, however, become
important for very small mass splittings Am, below
~1 GeV for my+ < my,m, and considerably smaller
values for my < mpy+, my.

Further corrections that can affect our result quantita-
tively come from nonperturbative effects such as
Sommerfeld enhancement and bound state effects. In
particular, the latter can significantly enlarge the viable
region of conversion-driven freeze-out for a strongly
interacting coannihilator as recently found in Ref. [55].
We expect a qualitatively similar but smaller effect here.
Their study is, however, beyond the scope of this work.

In writing down Eq. (16), we have also implicitly
assumed that the DM momentum distribution is sufficiently
close to the thermal distribution with temperature 7. While
kinetic equilibrium is not guaranteed to be maintained
through efficient elastic scatterings, this assumption is,
nevertheless, expected to hold. Because of the small mass
splitting between DM and the coannihilating particles, the
thermal distribution of the latter is inherited by DM, as
discussed in the Appendix in Ref. [14]. In that study, the
unintegrated Boltzmann equations have been solved for
conversion-driven freeze-out with similar mass scales,
implying a theoretical error of <10% induced by the above
assumption.

V. RESULTS AND DISCUSSION

As explained in Sec. IV, the viable region of conversion-
driven freeze-out requires underabundant DM if chemical
equilibrium was maintained within the Z,-odd sector. We
can, hence, compute the boundary of that region by the
requirement to saturate the relic density under the
assumption of chemical equilibrium while neglecting
annihilation channels with N, in the initial states. The
result for my, <my <my < mpy+ is shown in the left
panel in Fig. 3, where we consider four setups regarding the
parameters of the scalar sector.

(1) CDF-preferred, Higgs-philic—As =1, my, my+

according to the 26 band in Fig. 2, 4 = -1
(blue line).

(i) CDF-preferred, Higgs-phobic—s =1, my, my+

according to the 2¢ band in Fig. 2, 4;, = 0 (red line).

(iii) Partly mass-degenerate case—my =mpy+, My — Ny

sizable, due to 45 = 1, 4;, = 0 (green line).

'We have performed two independent checks. On the one
hand, we have computed the scattering cross sections with
MadGraph5_aMC@NLO/MadDM [50,51] and solved the Boltzmann
equations (18) and (19) accordingly. On the other hand, the most
recent version of microOMEGAs [52] directly allows for the
computation of the relic density in the case of conversion-driven
freeze-out. Note, however, that the latter has provided no or
obviously incorrect results (due to double counting of decays and
scatterings in the presence of resonances) in some cases. For both
checks, we have used SARAH [53,54] for the implementation of
the scotogenic model in the appropriate format.
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CDFO region (below curves), my<my+

50 —— CDFfit, A5=1, Az =—1 < ]
_ — CDF fit, A5=1, A,=0 / g
= 40} — As=1, 2120, my=myp g ]
g — mys my=mgy A =0 g
SZ 30 same for 3 deg. N é ]
| &
= g,
3 =4 1
I |
S X
<4 -
100 200 500 1000
my, [GeV]
FIG. 3.

mpy<my+, benchmark point %

100 | my; =295GeV, Am=5GeV, R=1 3

10}

Qh?

0.10%

0.01¢ 1 light N

0.01 0.10 1 10 100

mj[meV]

Left: boundary of the conversion-driven freeze-out region for the case my, < my < my, my- for four different slices in the
parameter space as a function of DM mass my, and mass splitting Am = my

— my, . Right: relic density as a function of the lightest

active neutrino mass m, for the benchmark point shown as a red star in the left panel for the choice of one light N only, my, . = m, (solid
curve), and three mass-degenerate N, my,, = my, (dashed curve).

(iv) Nearly mass-degenerate case.—my = my+ = my +
5 GeV, 41, = 0 (purple line).

In scenario (i), the lightest doublet scalar H has a large
coupling 4; = —1 to the SM Higgs h, which we denote as
Higgs-philic; in scenario (ii), the coupling of H to & is
turned off, rendering it Higgs-phobic. The solid curves
denote the case where only N, is lighter than H and, thus,
the DM whereas N, ; are chosen sufficiently heavy to not
affect the relic density.2 The short dashed curves denote the
case of mass-degenerate fermions, so all three N; form DM
[not present for scenario (iv)]. Note that the boundary for
any other configuration, for instance, my, = my, and my,
heavy, or my, < my, . < my, lies between these two limit-

ing cases. The region below the curves in the left panel in
Fig. 3 would lead to underabundant DM if conversion
processes would remain efficient, I'.,,, > H.
Conversion-driven freeze-out evidently requires a mod-
erately small mass splitting between DM and the next-to-
lightest Z,-odd scalar H in Fig. 3 (left). We make the
interesting observation that sizable mass splittings within the
doublet (due to As =1 and—to a larger extent—due to
additionally fitting the CDF measurement) significantly
enlarge the viable region for conversion-driven freeze-out.
This is due to destructive interferences among the various
diagrams of annihilation processes of the scalars that
suppress their cross section [and overcompensate the com-
peting Boltzmann suppression of heavier states in Eq. (20)];
see, e.g., discussion in Refs. [56-58]. The relatively large

“For definiteness, we choose N. 23 = My; see also discussion in
Sec. II. However, for the considered magnitude of Yukawa
couplings, N, 5 are basically decoupled once their mass is about
10% larger than the lightest scalar.

mass splitting between H and H* for setups (i) and
(i1) preferred by the CDF measurement require a very large
Ay for large masses, challenging the perturbativity. The steep
drop of the corresponding curves toward the right in Fig. 3
(left) stems from imposing Eq. (10). Note that vacuum
stability does not impose further constraints as long as we
allow for 4, = 2.

In the right panel in Fig. 3, we consider the benchmark
point with my = 300 GeV and Am = 5 GeV (denoted by
an asterisk in the left panel of the same figure) that belongs
to setup (ii). We use the mass of the lightest active neutrino,
my, to parametrize the Yukawa couplings following
Eq. (13) and the prescription below that formula; see
Sec. II for further details. We assume normal hierarchy.
Solving the set of Boltzmann equations (18) and (19), we
compute QA2 as a function of m; for the cases light N, and
mass degenerate N , 3. The respective points that yield the
observed value Qh? = 0.12 [30] are considered in Fig. 4,
where we show the evolution of the comoving number
densities during freeze-out. We also display the corre-
sponding Yukawa matrices. The first column governs the
interaction of N; and is somewhat smaller than the one for
N, 3. As we assumed R = 1, here, we have a direct relation
between these Yukawas and m;. Sizable off-diagonal
elements in R, however, would lead to potentially larger
entries in the first column and could easily lead to chemical
equilibrium and, hence, Qh?> < 0.12 for the chosen point
inside the conversion-driven freeze-out region. Therefore,
the requirement of saturating the relic density constraint for
a given point inside the conversion-driven freeze-out region
(i.e., for a point below the curves in the left panel in Fig. 3)
sets an upper limit on m, since R # 1 can only lower the
relic density. Typical values for m; lie between ~1 meV
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my, X =205GeV, Am=5GeV, m; =0.36meV
my = 388GeV

0.96 3.12 2.06\ |
[y|=10—6[0.32 3.46 103
0.58 3.32 8.92

Nl +N2 +N3

1 10 100 1000 104

x:le/T

MmN, =295GeV, Am=5GeV, m;=0.113meV
my, 5 =my = 388GeV
_5 ’ ]

10 0.54 297 1.96

W= 10—6[0.18 331 9.86

0.33 3.16 851
>~ 109

On?=0.12 Ny
10713
1 10 100 1000 10%

FIG. 4. Evolution of the DM abundance Yy (blue line) and the doublet abundance Y, (red line) for the benchmark point considered in
the right panel in Fig. 3, taking m, to match the measured relic density, QA> = 0.12. The left panel represents the case of three mass-
degenerate N. For the right panel, only N, is assumed to be light, while my, = my, = m,. The purple curves in the right panel show the
abundance of the heavier N. The parameters of the doublet are my = 300 GeV, m, ~ 388 GeV, my+ ~442 GeV, and 4, = 0. The
dashed lines show the equilibrium abundances; solid lines show the solution of the coupled Boltzmann equations. Only conversions via
(inverse) decays are taken into account here; see the text for details.

(for the smallest considered masses and three degenerate
sterile neutrinos) and ~0.03 meV (for a DM mass around
1 TeV and the case of one light N; only).

The Yukawa matrices displayed in Fig. 4 contain values
that span roughly 1.5 orders of magnitude. For smaller
(larger) my and otherwise compatible parameters, the
spread among the entries of |y| become smaller (larger)
requiring Qh? = 0.12. Conversion-driven freeze-out, thus,
requires small Yukawas—similar to that of the electron—
but very little hierarchy in the matrix. This conclusion also
holds for inverted neutrino hierarchy.

So far, we have focused on the mass hierarchy my, <
my <my <mg+; let us now briefly consider my, <
my+ < my < my. The boundaries for conversion-driven
freeze-out for this case are shown in the top panel in Fig. 5.
They are qualitatively similar to the ones shown in Fig. 3. To
reduce clutter, we therefore display only the curves for the
two setups preferred by the CDF measurements.

(1) CDF-preferred, Higgs-phobic.—As =1, my, my+

according to the 2¢ band in Fig. 2, 1; = 0 (red line).

(i) CDF-preferred, Higgs-philic—As =1, my, my+

according to the 2¢ band in Fig. 2, A3 = -1

(blue line).
Note that the 20 band of the CDF anomaly (Fig. 2) extends
to smaller masses for this hierarchy, allowing us to explore
masses down to 100 GeV. In particular, we observe a
bump in Am around mpy+ ~ m; due to the threshold of
the annihilation channel H-H™" — hh. As A3 governs the
Higgs-portal coupling of H™, this bump occurs only for
the blue curve.

We stress that the viable realization of conversion-driven
freeze-out with Yukawa couplings of the order of around
107% is not restricted to the region preferred by the CDF

measurement, although we focus on these regions for the
choice of our concrete examples. In fact, qualitatively
similar results can be found for the partly mass-degenerate
doublet case (iii). A further region worth mentioning is the
Higgs resonant region where my ~ m;,/2. For sizable A,
resonant H pair annihilation provides a large cross section
allowing for conversion-driven freeze-out solutions for a
sizable range of Am.

A. LHC constraints

To derive constraints on the scotogenic model from
searches for new physics at the LHC, we use SModelS 2.2.1
[59], employing the interface of microOMEGAs [60] for the
computation of cross sections and decay tables. Since the
N, are gauge singlets and have small Yukawas, their
production rates are heavily suppressed compared to the
doublet scalars. For the case my < my, my~+, the signature
of the model is missing transverse energy, since the heavier
scalars promptly decay into the neutral H. As the lightest
doublet scalar H predominantly decays into a pair of neutral
particles (an active neutrino and N), its decay length does
not affect its signature. Such missing-energy signatures are
typical for a wide variety of DM models. Interestingly, this
part of the parameter space of interest is not challenged by
any search implemented in smodels. The most relevant
searches are Refs. [41,61-64].

In contrast, the scenario my+ < my, my can lead to
striking signatures of long-lived particles at the LHC as
H™ can decay only through the suppressed Yukawa inter-
actions. With the small Yukawas and mass splittings
required for conversion-driven freeze-out, the lifetime of
H™" can become very long. For decay lengths larger than the
size of the detector, H™ is likely to traverse the entire
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FIG.5. Results for the scenario my+ < my, m,. Top: boundary

of the conversion-driven freeze-out region for one light N (solid
lines) and degenerate N (short dashed line). Bottom: LHC
constraints from long-lived particle searches for disappearing
tracks (DT search) and heavy stable charged particles (HSCP
searches) for the case A; =0, i.e., scenario (v). The red lines
denote contours of constant Am for one light N. We choose
R =1 and solve for m; such as to match Qh*> = 0.12.

detector, leading to the signature of highly ionizing tracks
and anomalous time-of-flight measurements, commonly
denoted as heavy stable charged particles (HSCPs). For
decay lengths compatible with the size of the inner detector,
disappearing track or displaced lepton searches are most
sensitive. Figure 5 (bottom) shows the respective exclusion
at 95% C.L., obtained from smodels. The two isolated
exclusion regions above and below ~1 m stem from
HSCP [65-67] and disappearing track [68] searches, respec-
tively. In addition, we display five contours of constant Am
in the conversion-driven freeze-out region solving for
Qh? = 0.12. The region close to its boundary corresponds
to the smallest lifetimes shown. On the other hand, HSCP

searches are sensitive only for Am well below a GeV. As can
be seen, intermediate values for Am provide a observable
signal in disappearing track searches, already excluding a
small portion of the parameter.

Toward larger Am—and, thus, smaller lifetimes—
disappearing-track searches are less sensitive, requiring a
hit in a minimal number of layers in the inner detector.
Displaced lepton searches are more promising to tackle this
region of parameter space. However, the ATLAS displaced
lepton search, Ref. [69], implemented in SModels, does not
provide sensitivity, being interpreted for a large mass
splitting between the mother particle and DM and, hence,
for relatively hard leptons. In our considered scenario, the
displaced lepton from H~ — N¢ is rather soft due to the
small mass splitting Am.

While very large decay lengths (relevant for very small
Am only) are well constrained by HSCP searches, there is a
considerable gap between the disappearing track and HSCP
search, again, leaving the entire mass range unconstrained.
Dedicated searches for the particular scenario taking into
account the highly ionizing nature of H" as well as the
displaced decay into a lepton and missing energy are
expected to greatly enhance the sensitivity.

B. Other constraints and predictions

Conversion-driven freeze-out in the scotogenic model
requires fermionic DM, so DM interacts with the SM
exclusively through the Yukawa couplings y. The couplings
[yax| of the N, that forms DM have to be of the order of
10~7 — 107 for conversion to work. Couplings of this
magnitude and masses in the 100 GeV to TeV region
automatically suppress any and all DM direct and indirect
detection signatures.

Since |y,| for Ny below 1076 require a lightest neutrino
mass around or below meV, this is a prediction of our
scenario. This upper limit on the lightest Majorana neutrino
mass also implies a lower limit on the rate for neutrinoless
double-beta decay, seeing as that rate can vanish only for
m; € (1,10) meV under normal ordering [70].

The heavier N; could still have an impact, for example,
on lepton flavor violation, if their Yukawa couplings were
large. This is, in principle, allowed in the conversion-driven
region but would imply a large hierarchy in the y matrix
columns, only to be constrained by lepton flavor violation.
The more natural region has all y entries of the order of
107, which then suppresses lepton flavor violation and all
other signatures involving the neutral fermions.

In a special region of parameter space the N are almost
degenerate, leading to one or two long-lived fermions that
decay via N - £t~ Npm, N = vvNpy, or N = yNp.
Such scenarios could be constrained by big bang nucleo-
synthesis if the lifetimes are long enough but shall not be
discussed further here.
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VI. CONCLUSIONS

The scotogenic model is a well-motivated extension of
the SM that simultaneously addresses DM and the small-
ness of neutrino masses. The included scalar doublet also
allows for an amelioration of the CDF anomaly by
contributing positively to the W mass. DM production
via freeze-out and freeze-in has been discussed in the
literature at length; here, we showed for the first time that
the scotogenic model also allows for DM production via
conversion-driven freeze-out. This requires fermionic DM
with Yukawa couplings in between the typical freeze-out
and freeze-in values. In particular, the necessary Yukawa
matrix is neither tiny nor hierarchical, and the same is true
for the parameters of the scalar potential. Conversion-
driven freeze-out is, hence, quite natural.

The lightest active-neutrino mass plays a crucial role and
is typically between 0.03 and 1 meV. Such a hierarchical
active-neutrino spectrum is becoming increasingly more
probable to satisfy cosmological limits on the sum of
neutrino masses. Parts of the parameter space are further-
more testable at colliders, notably through displaced-vertex
decays of the charged scalar.
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