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Leptogenesis enabled by dark matter
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We propose that weak scale leptogenesis via ~10 TeV scale right-handed neutrinos could be possible if
their couplings had transitory larger values in the early Universe. The requisite lifted parameters can be
attained if a light scalar ¢ is displaced a long distance from its origin by the thermal population of fermions X
that become massive before electroweak symmetry breaking. The fermion X can be a viable dark matter
candidate; for suitable choice of parameters, the light scalar itself can be dark matter through a misalignment
mechanism. We find that a two-component dark matter population made up of both X and ¢ is a typical

outcome in our framework.
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I. INTRODUCTION

Of the open questions of particle physics and cosmology,
the origin of neutrino masses, the baryon asymmetry of the
Universe (BAU), and the nature of dark matter (DM) provide
perhaps the most well-established evidence for physics
beyond the Standard Model (SM). While the first two
involve states and interactions in the SM, it is entirely
possible that DM resides in a sector of its own and only
indirectly interacts with the known particles. Nonetheless,
most compelling models of neutrino masses [1-5] invoke
particles—i.e., right-handed neutrinos (RHNs)—that, like
DM, have only feeble interactions with the SM. Remarkably,
these right-handed fermions can also provide an interesting
resolution of the BAU puzzle through a leptogenesis [6]
mechanism.

Given the preceding account, it could seem natural to
assume that the RHNs and DM are part of a larger “hidden
sector” that is responsible for the genesis of the “visible
sector” and its large scale structure. One may then ask if
there is a typical energy scale associated with such a hidden
sector. Strictly speaking, there is no robust observational
evidence that could provide a clear guide for this question.
Possible mass scales for both RHNs and DM currently span
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many orders of magnitude. One is therefore often led to use
theoretical motivation in order to arrive at more specific
models.

A large class of models focuses on the electroweak scale,
where the “WIMP miracle” (where WIMP stands for weakly
interacting massive particle) motivates cosmologically sta-
ble massive particles with weak couplings to the SM.
Furthermore, it is not difficult to imagine that the SM (H) ~
246/ V2 GeV [7] is itself set by the scale of hidden sector
interactions, which could then plausibly be ~1-10 TeV.
Connections between such DM candidates and leptogenesis
are usually tenuous, as the typical RHN masses are required
to be much larger in these scenarios [8].

Based on the above considerations, we will take the point
of view that RHNs and DM are from a common hidden
sector. The DM candidate, taken to be a fermion of weak
scale mass in what follows, is further assumed to interact
with a light scalar that gets displaced far from its origin by
the initial thermal population of DM. This scalar could have
additional interactions with the SM, through higher dimen-
sional operators that govern neutrino masses based on a
seesaw mechanism. The framework, we will adopt assumes
RHNs near the ~10 TeV mass scale. Interestingly, the light
scalar can itself become viable DM, or a component of it, as
a result of its displacement, i.e., a misalignment mecha-
nism. Since our model is based on lifting parameters
through the large excursion of a scalar, we will refer to
it as “Archimedean Lever Leptogenesis (ALL).”

We will show that the above setup can result in a fleeting
enhancement in the interactions of RHNs with the SM,
which will eventually fade as the temperature of the
Universe and the density of DM fall. The larger transitory
RHN couplings facilitate a viable leptogenesis mechanism
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around the weak scale, before electroweak symmetry is
broken and the processes required to generate the BAU—
i.e., the electroweak sphalerons [9,10]—are shut off. At late
times, those couplings fall to the levels that are consistent
with a neutrino mass seesaw which, barring very degenerate
masses for RHNs [11,12] or supersymmetry-inspired sce-
narios with lepton-number violating processes (see, e.g.,
[13]), would have been too small to lead to successful
leptogenesis. Our framework thus links the properties of
DM with the requirements for successful generation of the
BAU. For recent work in a different context, using a similar
mechanism for DM misalignment, see Ref. [14]. Transitory
interactions have also been used to modify DM production;
see, e.g., Refs. [15-19]. We will next introduce a model and
the necessary interactions to realize this scenario.

II. THE HIDDEN SECTOR

We will consider a hidden sector that will have sup-
pressed couplings to the SM. A minimal structure is
introduced, since more elaborate assumptions will not affect
the main idea in essential ways. We will assume that the
hidden sector includes a real scalar ® whose vacuum
expectation value (VEV) provides mass for the DM fermion
X. This fermion carries a chiral Z% parity, with assignments

75(®) = 745(X,) = -1 and Z4(Xg)=+1, (1)
with (L, R) denoting (left, right) chirality. To stabilize X, we
also assume a vectorlike parity

Z5(Xg) =2Z5(X;) =-1 and Z4(®)=+1. (2)
The RHNs N,, a = 1,2, 3 are assumed to be SM singlets
whose masses M, ~ 10 TeV descend from UV dynamics
that, we shall not specify here. We will also introduce a light

real scalar field ¢. The following Yukawa interactions can
then be written down:

¢ \ox e
L3> (yx+ch—X @XLXR+;MaNaNa, (3)

where cy is a constant taken to be O(1). The above
dimension-5 operator could arise from, for example, heavy
right-handed fermions W with the same quantum numbers
as Xy and a small coupling to ¢ of the type g,V Xg.

The scalar @ is assumed to have a simple potential,
similar to that of the Higgs field in the SM, realizing
(®) = vg # 0. This breaks Z% and endows X with mass
my = yxvg (at late times when ¢p — 0). We will also take ¢
to have an initial mass m,, before electroweak symmetry
breaking (EWSB).

Let us now describe how the new scalars @ and ¢
interact with the SM. We will start with the scalar potential,

including the dim-4 “portal” interactions [20] among the
scalars

Vg9, H) D S mig? + (Ca® + G HH, ()

where (o 4 are constants.' We generally assume that they
are both positive. However, if {4 < 0 the second term can
in principle set the Higgs mass parameter in the SM, with
suitable choices of parameters. This interaction can play
a key role in the phenomenology of DM since it allows
for X to be in thermal equilibrium with the SM through the
coupling of @ and H. Also, depending on parameters, the
mixing between @ and H can provide a channel for direct
detection of X through scattering from nucleons mediated
by the Higgs boson. However, in order to keep the analysis
simple, we will assume that {4 is sufficiently small so that
EWSB largely agrees with the SM expectation. This
implicitly assumes a bare Higgs mass parameter and the
required quartic coupling for H. The third term in Eq. (4)
will contribute to the mass of ¢ after EWSB and can
possibly make it much larger than its initial value m. In the
above setup, we generically have {; < {q.

III. EVOLUTION OF ¢ WITH TEMPERATURE

Here, we derive the equation of motion of the scalar ¢ in
terms of temperature 7. Its time evolution is given by

d’¢ dg  oV(p) _
e P, =0 (5)

The relevant terms in the scalar potential are
V() = (m3/2)$* + gxpXX, where we have defined
gx = (®)/Ax, and my = m, before EWSB. During radi-
ation domination, we have T = \/&/t and H(T) = T?/2¢,
where we have defined

(6)

with g, ~ 100 the number of the relativistic degrees of
freedom and Mp ~ 1.2 x 10" GeV the Planck mass.

We assume the dark sector Higgs mechanism takes place
at Ty 2 100 GeV, giving the DM state X a mass my ~
100 GeV for (®) = 100 GeV. The portal interaction
between @ and the Higgs can thermalize ® and hence X
with the SM, setting up the initial conditions for a thermal
relic DM scenario. In the thermal bath, XX acts like the
following Lorentz invariant expression,

'Note that another portal coupling 1p¢>®? can be generated at
1-loop through the X coupling. This contribution should at worst
be proportional to ¢3M? /A% (where M, is the heaviest state in
the effective field theory), which is generically very small in our
model.

035006-2



LEPTOGENESIS ENABLED BY DARK MATTER

PHYS. REV. D 106, 035006 (2022)

)_(X—>nx<\/1—v§(>, (7)

where vy is the speed of X and ny is its number density.
One can then straightforwardly show that the evolution
of ¢ with T is governed by

+ miqﬁ + gxnx<m> =0. (8)

To proceed, note that effective mass of X is my=
my + gx¢, related to its energy via Ex = iny/\/1 — v%

and hence
(idy-nlg) o

Since X is a Dirac fermion, its thermal distribution is
given by f(p) = (e®/T 4+ 1)~!, assuming zero chemical
potential (which is a good approximation in our scenario),
E is energy and p denotes momentum. We have

<ELX> = (2ﬂ§}3nx / Ex'f(px)d®px

— s [ F B =, (10

T6 d2 d)
482 dT?

where

g 3/f(Px)d3Px
/f Px)

and we assume g = 4 for X and X. We now note that the
expression for the pressure Py is

Px:6—i_2/f(17x)(E

which together with Eq. (10) implies

1 -1 \ oP
— )= (= —X (13)
EX mxny 0mX
A similar expression was found in Ref. [21] from the
fundamental thermodynamic relations at constant particle
number and temperature.

One can find an expansion for Py in my/T (see, for
example Ref. [21]) for a relativistic thermal population

Py 1(7\ (=* g m% my
(AW E)g- L2 L o(2x). (4
77 3(8) <30>g +o (14)

48 T2

nX:(z

mXEXdEX, (11)

% —my)PdEy.  (12)

As the evolution of ¢ reduces my, this is a good
approximation if my <« 7 when X first gets a mass.
Note that the leading term gives Py = py/3, with py the
energy density of radiation made of (X, X). Putting the
above together, we get

&) -wpro(?) o

This result implies that in the limit 1y — 0, the fermion X
behaves like pure radiation and its effect on the ¢ equation
of motion vanishes. From (8), (9), and (15), the evolution of
¢ with temperature is given by

T® d*¢ (

wart +gXT2>¢+ myT? = 0. (16)

6

The above equation leads to different behaviors for ¢
depending on the relative importance of various terms.
When the Hubble scale is larger than the effective scalar
mass—that is, both the thermal contribution and initial ¢
mass—the evolution is driven by the first and the last
terms and

dz(f’ ) gxmx&
ar”~ —gxmxH(T)™> = ¢~ — H(T)

x—t, (17)

and roughly grows with time, assuming it starts out with
vanishing initial velocity and field value.

Once the Hubble scale is not dominant compared to the
effective ¢p mass, the solution will oscillate around

9x T? my

R . B
6mg + gy T°

(18)

When the g%7? term dominates, (18) tends to ¢ — —
my /gy, until T has become sufficiently small, or else there
is a jump in m,. However, if m3 is dominant then this
“attractor solution” is not reached and ¢ assumes a value
given by

T2
¢~_w' (19)

6mg

We demonstrate this behavior in Fig. 1. Here, we have
modeled EWSB in the high temperature expansion of the
Higgs potential (see, e.g., Ref. [22]), valid until T ~ 50 GeV,
like the approximation (14) for my = 50 GeV. We find that
the results can vary slightly depending on how the Higgs
VEV switches on; the dynamics is dominated by the higher
temperatures. In particular, we have checked that Q scales
as T° before the breakdown of the high temperature
expansion. We have modeled the dark sector Higgs mecha-
nism in a similar fashion, but at higher temperatures: at
T ~ 150 GeV, the X mass has reached its 7 = 0 value, such
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FIG. 1. Behavior of ¢ as a function of temperature (in blue) and

its envelope (in dashed blue). In this plot, the X mass switches on
at Ty = 150 GeV with a value of my = 50 GeV, and during
EWSB ¢ develops a mass m,;, = 107 eV (my = 10~ eV before
EWSB). We have assumed gy = 107! and g, = 110. This leads
to Q4 ~ 0.10Qpy.

that the precise dynamics of this phase transition are
unimportant.

We conclude this section by briefly remarking on the
nonrelativistic limit of the scalar equation of motion, which
may become important for alternative model parameters
(in the regime T < my/3). In this limit, an expansion in
gx¢/T < 1 and gy¢p/my < 1, which is valid for the
parameters we will consider, yields

T° d*¢ 2 Ixox 3T
w7 (1) [+ v =0, 0o

where
nox = g(27) 72 (myT)32e~mx/T, (21)

Note that ngy depends on my, whereas ny in Eq. (11)
depends on my.

IV. DM SUPPORT FOR LEPTOGENESIS

We will now demonstrate that the scenario described
above lends itself to leptogenesis at the weak scale.” Let us
assume that there are 3 right-handed neutrinos N, a = 1,
2, 3, of masses M,. There could be a mild hierarchy of
masses, but we will generally assume M, ~ 10 TeV V a. To
get the experimentally implied SM (left-handed) neutrino
mass m, < 0.1 eV, we consider a seesaw, provided by the
Dirac mass terms

3
> <ya,- + Cai i) N HeL' +Hc., (22
a,i=1 AN

For a schematic illustration of the mechanism, see Fig. 2.

where Ay is ahigh UV scale and y,;, ¢,; € C. This operator
may arise in a similar effective field theory (EFT) as (3).
We note in passing that while some of the values of
the couplings in our EFT are quite small, they are stable
against quantum corrections in our model. To keep the
N, population—which is assumed to be generated at
T > 100 GeV—from decaying away, we require that
v1; = 0, or else sufficiently tiny.
Note that the largest typical” value of y,; is given by

mo N2/ M. \1/2
<1075 (- « V7 (23
Yai (0.1 eV) (10 TeV> (23)

We will see that the above values of y,; are too small to
obtain a sufficient amount of baryon asymmetry from
decays of N, for M| ~ 10 TeV. However, the ¢ dynamics
described in the previous section gives rise to Yukawa
couplings at 7~ 100 GeV and a viable leptogenesis
mechanism even if y,; are zero when (H) = 0. Since we
will assume that the enhanced transitory couplings « c,;¢
will be much larger than those at 7 = 0, we will not specify
the form of the y, matrix that can lead to realistic
phenomenology at late times and the observed properties
of neutrinos.

We assume that N established thermal equilibrium with
the SM, through scattering mediated by a heavy scalar §
(with mass > 10 TeV) down to T = 10 TeV. One can
easily arrange for S to have small couplings to the SM such
that N gets decoupled while still relativistic, maintaining a
number density ~T> (akin to SM neutrinos that decouple
for T < MeV).

The scalar ¢p will not be in thermal equilibrium during
leptogenesis, since we will assume that it has sufficiently
small interactions. Production rates that scale like ~7" will
recouple at low temperatures, so we need to ensure they
are ineffective at the lowest temperature of interest, which
is near T, ~ 100 GeV of EWSB. If this is ensured they
will remain decoupled at higher 7. This roughly requires
C(%T* and gf(T* to be small compared to Hubble rate
H(T,)~\/3.T?/Mp ~107"* GeV. We hence require
gx.Cp S 1078,

Let us take gy ~ 1072, which for T ~ my ~ 100 GeV
and my < H(T) yields ¢ ~ 10'! GeV. This agrees with
the plotted behavior of ¢ in Fig. 1. Note that the plot
assumes that the final mass of ¢ is m, = 1073 eV, which
is larger than the above my < 107 eV. We have assumed
that this is because the Higgs VEV v, ~ 246 GeV makes

a contribution to my of order {,vj, implying that

{p ~my/v; ~ 107, Hence gy and ¢ are consistent with

*For example, without assuming some particular texture for the
Yukawa matrices, which would require a cancellation to repro-
duce m,,.
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X gets mass my ~ 100 GeV from L(®)X; X,
thermalizes with the SM through Higgs portal

. , 'q> . .
¢ obtains a vev from tadpole %nx <, /1-— v§> ¢

X

N, decouples
relativistically

Yukawa enhanced by y,(¢) =y, + caAi -
N

N, decays into LH and LH*, generating AL

Sphalerons convert AL — AB

TX TEWSB

e e

~ 10TeV

¢ oscillations set Q < Qpy

FIG. 2.

our assumptions above on the upper bound on these
couplings.

For rates that grow faster than T2, we need to ensure they
are decoupled at the highest relevant T, since they will then
remain decoupled as 7" drops. We would then consider the
Hubble rate H(Tyy) ~ 1078 GeV at Ty ~ 100 TeV, pos-
sibly the UV regime where the N, population originates
form. Hence, the production rate needs to be small
compared to H(Tyy). So, we would take 7 ~ Tyy for
dimension-5 operators in Eq. (22), corresponding to the
rate ~T3), /A%, For the reference parameters above we will
find that Ay ~ 10'> GeV is a typical value for our scenario,
which will keep ¢ out of thermal contact with the SM.

We will assume that the lepton asymmetry AL is
generated through the decays Ny — LH and N, — LH*,
with partial widths " and T". Let us define the asymmetry
parameter

r-r
e=—— (24)
r+r
and the ¢-dependent Yukawa couplings
_ ¢
ya(¢)_ya+caA_' (25)
N

We have suppressed the lepton generation index i in the
above and what follows, taking them to be of similar size
for each RHN. The numerator of Eq. (24) ~|y,(¢)[?
|v23(¢)|? sin O, where 8 # 0 is the physical phase associated
with CP violation in the Yukawa couplings. The denomi-
nator of € is dominated by the tree-level decay processes for
N, which is ~|y;(¢)|*>. For simplicity, let us take M, =
My =My and y,(¢) = y3(¢) = yn(¢). Assuming that
v1(¢)| < |yn()|, as we will do below, then we roughly
get [8]

~150GeV ~ 100GeV

XX — ®D sets relic X abundance

Schematic illustration of ALL.

3 M,

€N§M—N|y1v(¢)|2 sin ), (26)

for a mild hierarchy M| < M.

Leptogenesis begins once my # 0 at T ~ Ty, the scalar ¢
gets a tadpole VEV and leads to enhanced couplings of N,
to Higgs and leptons. Since N, 3 are assumed to have the
required couplings for a viable seesaw at 7= 0 from
the start, they will have been efficiently depleted from the
plasma. As stated before, we will assume that N; has
negligible coupling to HL and hence its population does
not decay, once produced at 7 > Ty. The N, population
however must quickly decay once ¢ has enhanced its
Yukawa couplings in order to generate a lepton asymmetry
AL. The electroweak sphalerons turn AL into a baryon
asymmetry AB before EWSB.

In order to achieve leptogenesis, we need the N,
population to decay away before EW symmetry is broken
at T, ~ 100 GeV and the sphaleron processes are shut off.
We then roughly require that the width of N exceed the
Hubble rate at 7',,

Yi(9) _
['(Ny) ~i6—”M1 > H(T,) ~107 GeV, (27)

which implies

yi(¢) 21078, (N, decay before EWSB),  (28)
which can easily accommodate the requirement on asym-
metry “washout” via N, exchange, as explained below.
One may ask whether the requisite y,(¢) > 1078
obtained above may imply a fast three-body decay of N| —
¢HL before T ~ Ty, removing the N; population before
the enhanced couplings necessary for leptogenesis are
achieved. Based on the preceding analysis, let us take a
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“safe” value y,(¢) ~ c,ip/ Ay ~ 1077 from Eq. (25). For
the typical value ¢ ~ 10'' GeV adopted before in our
discussion, we then have Ay/c, ~ 10'® GeV. One can
estimate the three-body decay mediated by the dimension-5
operator in Eq. (22) to give a rate < |c,|*M3/A% ~
1072* GeV which is much smaller than the Hubble scale
at T > Ty.

To determine parameters that avoid washout of the
asymmetry generated by N; decay, let us consider dim-5
operators

 Da@)P(HeL)?

O,
M,

. (29)

obtained by integrating out N, as they are heavy compared
to Ty and their production is suppressed by e=Ma/Tx with
M,/Tx ~100. The rate I'y, of the processes mediated
by O, should be smaller than the Hubble rate H(Tx) ~
10~'* GeV. For the washout, 'y, ~ |y, (¢)|*(Tx/M3), and
we would need I'y, < H(Ty). Hence, for N,, we get

Va(¢p) £ 1073,  (Ineffective Washout) (30)

for similar M, at T ~ Ty. This upper bound allows a broad
range of values for y,.

Let us now estimate the minimum value for yy(¢) to
generate ng/s ~ 1071° [7], where ny is the baryon number
density and s ~ g,T% is the entropy density. If the initial
population of the N; is relativistic, its number density is
given by n; ~ Ty. Then, one finds

——[yn ()] siné. (31)

In the above, we have ignored O(1) coefficients that relate
baryon and lepton asymmetries via sphaleron processes.
For sind <1 and M /My ~ 1, we then find

yn(ér,) 23 x 107,  (Sufficient BAU) (32)
which is consistent with the washout upper bound on this
coupling from the preceding discussion. Note that the yy is
smaller than in standard leptogenesis scenarios, because N
decouples relativistically and thus there is no Boltzmann
suppression. Typical values of ¢ today easily accommo-
date (23).

We can generate a nonzero ¢-independent value for y,
after EWSB by introducing the higher dimension operators
« H'H, while avoiding fast multibody decays of N,
though this is not going to change our basic scenario in
any important ways. Hence, we take the simple imple-
mentation above that implies one of the SM neutrinos is
much lighter than the other two, since there is effectively
only a 2 x 2 Dirac mass matrix in Eq. (22).

Q,/Qpw (today)

¢ (GeV)

mylr=0 =
—1073%eV
107%eV

10I—22 10'_21 10I—20 10'_19

8x

FIG. 3. Subfraction of dark matter constituted by ¢, and initial
displacement of ¢. Here, we have assumed that my|;_,
=50 GeV, g, = 110, and that my = 1075 eV before EWSB.

V. THERMAL RELIC DARK MATTER

We will now show that both ¢ and X can play the role of
dark matter in this model. Let us first show an example in
which the final ¢ abundance is subdominant, and X plays
the role of dark matter. This scenario is realized for the
parameter values in Fig. 1: we find the final ¢ abundance to
be Q; ~ 107'Qpy (with Qpy = 0.27 [7]). See Fig. 3 for
the final ¢ abundance for different values of gx and my
after EWSB.

In order to simplify the treatment, we consider a scenario
in which X maintains its thermal abundance until after
EWSB at T, ~ 100 GeV. Hence, we will assume that
my < T,. Furthermore, we will require my > mg such
that XX — ®® can set the relic abundance. In this case, we
will need to assume that @ would decay into SM states at
some point, but this will not impose any severe restrictions
on our model. In principle, if @ couples to the SM with
appropriate strength it could potentially lead to signals in
high energy experiments.

We will take the @ potential to be of the form

1 A
2 2 C p4
Vo 2m¢q) + !<I) ) (33)

which would give
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| 6
Vo = ﬂ_mq)’ (34)
©

where mg, is the mass of @, after the phase transition that
breaks the assumed Z)zf, via vg # 0. Since we have
My = YxUg, our condition my > mgq, on masses yields

o < 6y2. (35)

For a choice of my, one can find a value for yy that results in
the right relic abundance through annihilation. Then, one has
to assume that Aq satisfies Eq. (35), for consistency.

Let us denote the temperature at which @ gets a VEV and
X becomes massive by Ty and assume, for simplicity, that
Ao K 4y§(. One can show (see, for example, Ref. [23])

6
7o Yo (36)
Yx

Since we want my < T, and Ty > T, so that leptogenesis
occurs when sphalerons are still active, we have

lo =12y 5 r>1, (37)
where r=Tyx/my. The above, together with Eq. (35),

yields yy < 1/6/r. Note that the limit assumed in deriving
Eq. (36) implies r’y% < 4. Hence, we require

ryXSL (38)

as a consistency condition on our parameters. In summary,

the choice of my fixes yy, subject to Eq. (38), together with

Ty > T, > my, so that the above DM scenario can be
realized.

The cross section for the annihilation of X through a

scalar mediator @ is given by (see, for example, Ref. [24])

3%
X = 128am?,” (39)

where v is the relative velocity of X and X. Using
(v*) = 6T /my ~0.32, for p-wave suppression relevant
to my < 100 GeV in our work, we find for the X energy
density

~

Qy 44x100 cm’s™ (025\*/ my \? (40)
027 (oxv) Vx 50 GeV ) °

Hence, we find that for my ~ 50 GeV and r ~ 3, corre-
sponding to T¢ ~ 150 GeV, we can realize the DM
scenario sketched above.

We may also consider the scenario in which ¢ plays the
role of DM. This scenario can be realized for a small
modulation of our parameters and possibly lead to a

multistate DM sector, if we maintain X as one of its major
components. Alternatively, one may also arrange for ¢ to
be the dominant DM; sample parameters for ¢» DM can be
inferred from Fig. 3. The field X can then be sufficiently
depleted, through the Higgs portal, for somewhat larger
annihilation cross section than required for DM (otherwise,
one may arrange for X to decay away after electroweak
symmetry breaking).

VI. PHENOMENOLOGY

Let us now discuss some of the potential experimental
consequences of the scenario described above. We note that
the details of the phenomenology depend of the benchmark
parameters. However, there are a number of general
possibilities that can arise in our framework. First of all,
since we have assumed that ® and the Higgs can potentially
mix, one could provide a path for dark matter X to couple to
the SM. This will allow its freeze-out relic density to be set,
yet the magnitude of coupling could be small, as we have
assumed a “light mediator” mechanism through annihila-
tion into ®®. We also generally assumed that the Higgs
mixing with @ is not large to avoid changing the SM
EWSB phase transition. Nonetheless, one could in princi-
ple consider versions of our model where this mixing is
significant.

To examine the phenomenological implications of H — ®
mixing, let us first estimate the minimum level of interaction
between the Higgs and @ necessary to thermalize the latter.
For values of yy ~ 0.25 near the benchmark adopted above,
the ® Yukawa coupling to X will then bring X into
equilibrium with the SM prior to its freeze-out. Before
EWSB, the portal coupling of {®?|H|? in Eq. (4) can lead
to thermalization of ®, as long as (% > gi/ ZT* /M p, which
implies

(o 21078, (Requirement for ALL). (41)
This easily avoids any conflict with current constraints, as
will be discussed below.

The ® — H mixing in our model is governed by the angle

2000
G)ziz’
my

(42)

for m3 < m%, where my ~ 125 GeV is the observed
Higgs mass [7] and ve = (®). Adopting the benchmark
values of parameters employed in the preceding discussion,
corresponding to mg ~ 15 GeV, we have vg ~ 200 GeV,
which we will use in what follows. Hence, we have
® ~ 6 x {g. We first consider the case that X makes up
all of dark matter. Using the results of Ref. [24], the spin-
independent X-nucleon scattering cross section, mediated
by @, is estimated to be
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_ yx \2/15 GeV\*
Oxn ~ 2 x 10740 Cm2®2(é> < ) - (43)

For my ~ 50 GeV, as chosen in the above discussion of X
thermal relic abundance, the current bound from the
XenonlT experiment is oy, <5 x 1077 cm? at 90% CL
[25], which implies ® <5 x 10~ and hence

(o S107*,  (Direct Detection; my ~ 50 GeV) — (44)
assuming that DM is all composed of X. We see that this
upper bound is about 4 orders of magnitude above the
minimum {4 required for thermalization of X, derived
before.

Next, we consider bounds that apply when X does not
necessarily make up the dominant component of dark
matter. The @ — H portal also allows H — ®®. The width
for this decay is given by [24]

[(H — 00) 522k (45)
H

for mg << my. Assuming the width of the Higgs is
approximately the same as in the SM, ~4 MeV [26], which
is a consistent assumption here, we find the corresponding
branching ratio

Br(H — ®®) <5 x 10323 (46)

Since mg, < my in our scenario, the main decay channels of
@ are those accessible through mixing with the Higgs. For
12 GeV < mg < my/2, this means that dominant decay
channel of @ is into b quark pairs. We expect ~80% for
the branching ratio of ® — bb, with the rest mostly shared
among gluon, 7z, and charm quark pairs, as may be
approximately deduced from the Higgs branching fractions
in the SM [26].

For experimental bounds, we note that the decay width of
® — bb is of order 'y ~©O*(m?/v2)mg, where my ~
4 GeV is the b quark mass [7]. We will use the ATLAS
search results for Higgs decay into a pair of scalars that each
promptly decay into bb [27], which is the same process we
have in our scenario. This search focuses on Higgs pro-
duction in association with a W or Z boson, which have SM
next-to-next-to-leading order cross sections 1.37 pb and
0.88 pb, respectively [26]. The ATLAS upper bound on the
product of combined production cross section times
Br(H — ®® — 4b), at the 13 TeV LHC with 36.1 fb~!,
is ~1.25 pb, assuming a ~40 GeV scalar (at 95% CL). This
implies

(o <1x1072, (H —» ®D), (47)
which is clearly only relevant if X is not the DM. At the
above upper limit, we have ', ~ 107 GeV. This value of

'y corresponds to a @ decay length <« um, a posteriori
motivating our assumption of promptness [27].

Assuming ~100 times more data by the end of the LHC
high luminosity operations, if X is a significant component
of DM, we still do not expect sensitivity to our range of
parameters, which is much more stringently constrained by
direct detection bounds. The preceding analysis, inciden-
tally, implies that even for the minimum &g, ~ 1078, we will
have T’y ~ 107'7 GeV, which corresponds to the Hubble
scale at T ~GeV, allowing ® to decay well before
the BBN.

The LHC could also potentially probe our scenario
through invisible Higgs decays H — XX, assuming
my < my/2, with a rate [24]

2
T(H - XX) = g—X(BZmH (

4m%\ 32
ST (48
x R

mi;
Note that if X is DM, Eq. (44) implies ® <5 x 10™* and
hence we expect the above decay to have a branching
fraction <1075, which is well below the current LHC
constraints <0.2 [28,29] and foreseeable ones. If X is not

DM, the constraint is given by

¢ <2X10_3
@’\4—’

- (H - XX), (49)

assuming ve = 200 GeV as before.

Another possible signal of our framework is the emer-
gence of a long-range force mediated by the light scalar ¢.
Here, one route for linking ¢ to the SM is through quantum
processes involving an X loop that connects ¢ and @, and
hence to the Higgs through H — ® mixing. However, as
mentioned before this mixing could be small and the
coupling of ¢ to X is also generally tiny in our model.
So, this may not be a typical path for ¢ to interact
measurably with the SM baryon and charged leptons.
We, therefore, focus on the couplings of ¢ given in
Eq. (22), in the following.

The typical size of H Yukawa couplings in Eq. (22),
using our benchmark model parameters, is given by
yy ~ 1073, for N, states. However, the coupling of ¢
to LN, depends on its initial amplitude, since we would
like to have c,;¢p/ Ay ~ 107*. As an example, let us take the
mass of ¢ after EWSB to be m, ~ 1073 eV and its initial
value ¢ ~ 10'" GeV, as adopted before in our discussion.
Assuming |c,;| ~ 1, we then have k ~ |c,;|(H) /Ay ~ 10713
which sets the 7 =0 coupling of ¢ to LN, with
Ay ~ 10" GeV. We then estimate that the 1-loop coupling
of ¢ to tf is given by

Ky ynM%

NN qo-t6, 50
90~ V6n2m, (50)

where y, = 1 is the SM top Yukawa coupling.
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The coupling g4, can be translated into a coupling to
nucleons g, where g, ~ 107 g,, [30]. For m, ~ 1073 eV,
this value of g, is just inside the region excluded by tests of
the inverse square law [31,32]. Hence, we conclude that
current tests of new long range forces and their improve-
ments could probe our setup for parameters near what has
been considered in this work. The above discussion illus-
trates that the scenario considered in our work has an array
of experimental consequences that can be accessible
through multiple avenues.

Instead of the Z4 symmetry, we could have considered ®
and X to be charged under a U(1) gauge symmetry. In this
case other phenomenological opportunities would arise
from kinetic mixing terms, such as the possibility of
millicharged matter. We leave a complete phenomenologi-
cal study to future work.

VII. SUMMARY AND CONCLUSIONS

In this work, we have considered ALL: a dynamical
scenario in which low-scale leptogenesis can be realized
through a hidden sector, that simultaneously explains the
masses of the light neutrinos as well as the relic abundance of
dark matter. The scenario rests on the evolution of a scalar
field ¢, which assumes a large (negative) vacuum expect-
ation value (¢) ~—gymy&/H when the hidden sector
fermion X becomes massive. The large ¢ values in turn
lead to a suddenly and temporarily enhanced Yukawa
coupling for a ~10 TeV sterile neutrino N, which promptly

decays giving rise to a lepton asymmetry. This asymmetry
can be converted to a baryon asymmetry by the electroweak
sphalerons. After EWSB, there will be a time at which the ¢
mass becomes dominant over the Hubble rate, and ¢ starts
oscillating around () ~ —gxT?my/(6m3 + g%T?), falling
with temperature. Then the N, coupling is also restored to a
small value, which we take here to yield a SM neutrino mass
much lighter than the other two, possibly vanishing.

We also showed that in our framework, the fermion X can
play the role of the dark matter. We demonstrated this in
an explicit scenario where the relic abundance is set by
XX — ®®. In fact, with a mild departure from the values of
parameters assumed in this case, one can also arrive at a
scenario where the light scalar ¢ can be a significant—or
perhaps a dominant—component of DM. Our proposal
therefore provides a connection—which is potentially dis-
cernible through multiple experimental signals—between
the processes that produced the visible Universe and the
properties of the invisible substance that governs its large
scale structure; that is ALL.
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