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Neutrino mass and secluded dark matter puzzles solved together
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We present a secluded dark-matter (DM) framework based on an extra U(1), gauge symmetry. The
model contains a Dirac DM particle y, three heavy neutrinos N; with masses M ;, and a singlet scalar R
that mixes with the Standard Model Higgs doublet ® by an angle a. A symmetry forbids the @ — R portal at
tree level; the leading portal then arises at one loop from the same Yukawa structures that generate active
neutrino masses m, ;, implying tan(2a) « Y-, m, M3, ,/(v,m%), where v, and my are the Standard Model
Higgs vacuum-expectation-value and mass. For heavy-neutrino masses in the multi-TeV range, this yields a
naturally tiny mixing, tan(2a)~5 x 107'"(M/10 TeV)?, which strongly suppresses DM signals in
direct, indirect, and collider searches. For PeV-scale heavy neutrinos the loop-induced portal is enhanced
and the DM-nucleon cross section can instead enter the reach of direct-detection experiments. The visible
and dark sectors thermalize at temperatures of order a few times the mass of the lightest heavy neutrino,
then subsequently decouple, and typically evolve with a slightly hotter dark bath. In the secluded regime,
with tan(2a) < 1 and m, > m H,» the relic density is set by p-wave annihilation yy — H,H , (with H , the

Higgs-like particle of the dark sector), and the dark-sector Yukawa couplings required to reproduce the
observed abundance are O(0.1 — 1), as in the standard WIMP case. For heavy-neutrino masses =10 TeV,
the mediator decays before nucleosynthesis without spoiling big bang nucleosynthesis observables, while
the tiny portal suppresses present-day signals below current and near-future sensitivities. This links two
long-standing puzzles—the absence of DM signals and the smallness of neutrino masses—within a

predictive thermal framework.

DOI: 10.1103/np7k-2fck

I. INTRODUCTION

Dark matter (DM) has so far revealed itself only through
its gravitational effects on astrophysical and cosmological
scales, while no signal of DM interactions with Standard
Model (SM) particles has been observed in the laboratory
[1-3]. A viable DM candidate must be cosmologically
long-lived, electrically neutral, weakly coupled to visible
matter, nonrelativistic by matter-radiation equality, and
have small self-interactions [3,4]. Therefore, if DM is
made of particles, its existence points to physics beyond
the Standard Model (BSM), since no known SM particle
can account for it.

Weakly interacting massive particles (WIMPs) are a
well-motivated class of candidates [5,6], naturally realized
in BSM frameworks and with properties compatible with
DM [7-9]. The WIMP thermal freeze-out process,
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assuming electroweak-scale masses and couplings, auto-
matically provides a relic density of order the observed one,
Qpph? ~0.12 [10]. This is the so-called “WIMP miracle”
[11], which has motivated large experimental programs in
direct detection [12], collider searches [13], and indirect
detection [14], complemented by precise cosmological
measurements [10].

However, present direct-detection experiments such as
LZ and XENONNT exclude spin-independent (SI) WIMP—
nucleon cross sections down to O(107*) cm? for weak-
scale masses [15-17]. In models where the same portal
controls both freeze-out and scattering, these bounds
exclude large portions of parameter space [18-23]. One
way to evade these limits is to work near the resonant
regime, in which the DM mass is about half of the mediator
mass, mpy = my/2. In this regime, DM annihilation is
enhanced and the couplings required to match the observed
Qpph? can be made small enough to evade direct-detection
bounds [20,22], though this typically entails some mass
tuning.

A more generic solution is to retain a thermal origin for
DM while decoupling the annihilation process from
present-day DM-SM interactions. This is precisely the
secluded DM scenario, originally proposed in [24,25], in
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which the relic density is set by annihilations into light
mediators in the dark sector (a dark Higgs ¢ or a dark gauge
boson Z’), while the portal connecting to the SM (e.g.,
Higgs mixing or kinetic mixing, collectively denoted by ¢)
is very small. Recently, Ref. [26] thoroughly reassessed this
framework in three BSM realizations, verifying that the
mediator remains in thermal contact and decays before big-
bang nucleosynthesis (BBN), and highlighting promising
collider tests that remain sensitive despite tiny portals. For
portal couplings € < 1073, the relic density is dominantly
controlled by DM annihilation into mediator pairs, while SI
scattering lies well below current limits and can remain
viable even for future experiments approaching the neu-
trino floor [27]. Such a tiny portal might at first appear fine-
tuned and theoretically unmotivated.

Interestingly, the SM already contains another unusually
small parameter: the neutrino mass. Recent constraints
from cosmology, oscillations, and direct kinematic mea-
surements indicate neutrino masses at (and upper limits in)
the tens-of-meV range [28-31], i.e., ~10~! of the proton
mass and ~10~7 of the electron mass.

In this work, we propose that the required smallness of
the SM—dark portal is not fine-tuned but can be naturally
connected to the small neutrino masses. Concretely, we
construct a setup in which a symmetry forbids the tree-level
portal, and the leading SM-dark coupling is generated
radiatively by the same Yukawa structures (or a lepton-
number—violating spurion) that produce neutrino masses via
a type-I or inverse seesaw [32—37]. The induced portal—
either a Higgs mixing angle sin « or a gauge kinetic mixing
e—then scales with m,, up to loop factors and mass ratios.
Consequently, direct, indirect, and collider signals are
naturally suppressed—because m,, is tiny—while the relic
abundance remains set by yy — mediator pairs and is
largely decoupled from the portal.

The rest of the paper is organized as follows. In Sec. 1I
we present the model symmetries and particle content.
Section III describes the neutrino interactions in the model
and details the type-I seesaw mechanism. In Sec. IV we
present the main features of the secluded regime, while
Sec. V evaluates the loop-induced portal coupling and
shows its relation to m,. Section VI explains high-T
thermal-contact interactions and decoupling, and how
DM reaches the correct relic density. Section VII reports
the constraints on the model from spin-independent direct-
detection experiments. Finally, in Sec. VIII we draw our
conclusions.

II. MODEL LAGRANGIAN
AND PARTICLE CONTENT

We consider a UV-complete dark-sector setup that
realizes the secluded DM mechanism [24-26]. The model
is based on an extra Abelian gauge group U(1) with gauge
boson Zj, (and coupling constant gy ), a Dirac fermion DM

candidate y with U(1)y charge ¢% (and singlet under the

SM gauge group), three right-handed neutrinos N;
(i=1,2,3), and a real scalar singlet R that mixes with
the SM Higgs doublet @ (see, e.g., Refs. [38,39]).

The relevant Lagrangian terms are

1 €
LD —ZF;WF’”” —EF,’,,,B”” +0,RIR

—V(®,R)+x(iD—m,)y

. 1 ..
—<yMyR+Jﬁiw®Nf+§Y%RNfAQ+J{c>, (1)

where L, = (vy..%, )" are the SM lepton doublets,
® = ic,®", B,, is the hypercharge field strength, and Y,
(3 x 3 complex) and Yy = Y,f, (complex symmetric) are
the neutrino Yukawa matrices. The covariant derivative
is D, =0, +igxgxZ, (with gx — g% on y), and we
define the fine-structure constant of the hidden sector
as ay = g%/ (4n).

The Lagrangian in Eq. (1) is written to emphasize the
interactions relevant for the radiative generation of the
Higgs-singlet portal. For completeness, one may also
include the renormalizable bare Majorana mass term for
the singlet neutrinos,

1 .
AC D _ENiC(MO)IJNj + H.C., (2)

which explicitly violates lepton number, as in the standard
type-I seesaw. In this work we adopt the technically natural
limit in which this term is set to zero (or is negligible) at the
UV scale, so that the heavy-neutrino masses are generated
dominantly by the Yukawa interaction proportional to Y
once R acquires a vacuum-expectation-value (VEV).

Expanding R = (v, + p)/v/2 in Eq. (1) yields
1 i PN € 17C ij

where (My)" = v,/+/2Y’}. Therefore, the effective heavy-
neutrino mass matrix that enters the seesaw mechanism is
My = v,Yy/V2 (in the basis where it is diagonal we
denote its eigenvalues by My, throughout the paper).
In this option the most general mass matrix is
Myeary = My +v,Yy/ /2, while our baseline assumption
corresponds to M, = 0, so that the origin of the heavy-
neutrino scale is tied to the RNN spurion that also controls
the radiatively induced portal.
The scalar potential is

V(®.R) = uj®'® + i R* + 1y (@' @)
+ AgR* + k(OTD)R%. (4)

After electroweak symmetry breaking the scalar fields ©
and R become
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G* v, +

r TP

® = <71/1+h+iG° > R = , (5)
. V2

with v), ~246 GeV. We choose R to be neutral, g& = 0;
thus U(1)y is unbroken by R and no additional Goldstone
boson appears beyond the SM G*,G". In the CP-even
basis (&, p) the mass matrix is

242 KUy
M2 = < h "), tan2a=
Kvyv, 2AgV2

KV, 0,

(6)

2 9
j’er _j'th

which is diagonalized by a rotation of angle a,

H cosa  sina h
a )= NG
p —sina cosa /) \ p
yielding the SM-like state H and the singlet-like state H ),
with masses my and My

m%,’Hp =g+ g0} F \/(ARUE — A2+ (kv,v,)%. (8)

We take y to be vectorelike under U(l)y, i.e.,
4,, = 4,, = q%- Since R is neutral, a bare Dirac mass
term mgyy 1S gauge invariant and the renormalizable
Yukawa portal —y,yyR is allowed. Writing R =

(v, + p)/V/2, the physical DM mass is

ypyr

N

so y, and m, are independent parameters in general. Since

©)

m, = mgy +

g% = 0, gauge invariance of the RN°N term implies that the
heavy neutrinos are also neutral under U(1), and therefore
do not couple to Z' at tree level.

SM fermions are neutral under U(1)y as well; hence they
couple to Z' only via kinetic mixing, controlled by
€ [40,41]. In the following we neglect this mixing (or
assume it is sufficiently small). Because R does not break
U(1)y, the Z' mass can be generated via a Stiickelberg
mechanism [42,43]. In the present work Z’ plays only a
spectator role: all SM fields are neutral under U(1)y and,
with negligible kinetic mixing, Z' has no appreciable
couplings to the visible sector. Moreover, since the heavy
neutrinos are also neutral under U(1)y, the neutrino portal
and the loop-induced Higgs—singlet mixing discussed
below are entirely controlled by the scalar and neutrino
Yukawa sectors, independently of the gauge boson. Finally,
in the secluded regime the DM freeze-out and direct-
detection phenomenology are dominated by the scalar
channel yy — H,H, and by Higgs-singlet mixing, so
our results are largely insensitive to the value of my
provided Z’ is not the lightest dark-sector state.

For later use, we collect the leading fermionic inter-
actions in the mass basis. SM fermions couple as

my . -
Lyn g7 = _ZTZ(COSQH_ sinaH ,)ff, (10)
f

while the DM portal yields

y . _
L,y = —7%(smaH +cosaH,)zy.  (11)

Therefore, when the mixing angle is very small, as it is in
the secluded regime (see Sec. IV), SM fermions couple
predominantly to the SM Higgs H, while DM couples
predominantly to the singlet scalar H .

The singlet Yukawa term generates Majorana masses for
the heavy neutrinos, My = \L/—EY . and in the heavy-
neutrino mass basis My = diag(M,, M,, M) one obtains

3

M _
Lyn,-nv =~ Z 20’ (sinaH + cosaH,)N;°N,;
—1 r

+He. (12)

~

Finally, the Dirac Yukawa term Y, controls the light-heavy
couplings,

L = —1 ( H —sinaH )0, ,Y*N
HH,~vN = — CoSall — SIM AL, JVjol ) IV
o V2 ’
+H.c. (13)

In the secluded regime, SM neutrinos interact mainly with
the SM Higgs H, while heavy neutrinos N; interact mainly
with the singlet scalar H .

For very small angles a, this setup yields a secluded
thermal history in which the relic abundance is dominantly
controlled by annihilations into dark-sector states (notably
x¥ — H,H, when kinematically open), while the portal to
the SM is governed by the mixing angle « (and, if present,
by kinetic mixing e).

III. TYPE-I SEESAW

We summarize here the main aspects of light and heavy
neutrino masses, couplings, and the seesaw mechanism.
The relevant Yukawa interactions are

. | T—
‘CY :) _YglLGQNi - EY[\jIRNlcN] + H.C., (14)

with ¥, a generic complex 3 x 3 matrix and Yy = Y%
complex symmetric. After electroweak symmetry breaking,
the neutral components generate the Dirac and Majorana
mass matrices
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vy v,
V2 V2
and induce scalar couplings to v; N and NN proportional to
Y, and Yy, respectively.

Collecting the VEV-induced terms, the Majorana neu-
trino mass matrix in the (v;, N¢) basis is

M= (). (16)

mp MN

mp = Yy, MN = YN? (15)

In the seesaw regime ||mp|| < [|[My
sterile mixing matrix

, defining the active-

0 = mpMy!, (17)

one can block diagonalize M, perturbatively in ®. To
leading order this yields the standard type-I seesaw relation

M, ~ —mpM7'ml, = —OM 0T, (18)

while the heavy-neutrino mass matrix receives only O(®?)
corrections, so that My, =~ M.

In the one-generation case with real parameters mp and
My, the eigenvalues for the light and heavy neutrinos are

2
mp

2

m

mlightz_M_v ’nheavy:]wN<1 +M_§) (19)
N N

In terms of the Yukawa couplings, using mp = y,v,,/v/2

and My = yyv,/V/2, the seesaw relation for one gener-
ation can be written as

2,2
Yoy YNV,
m,~——="_ M. ., ~Z—. 20
‘ \/Evar heavy \/E ( )

Since My is complex symmetric, it is diagonalized by a
Takagi factorization,
UlMyUy = My =diag(M|,M,,M5), M;>0, (21)
which defines the heavy Majorana mass eigenstates N;.
Equivalently, in terms of diagonal Yukawas one has y N =
URYyUy=diag(y y.y2n-y33) With My = (v,/V2)y .

The light-neutrino mass matrix M, is diagonalized by the
PMNS matrix U,,

UZMD UI./ = mv = diag(mu,l s My 2, mv,S)’ my 2 O’ (22)
yielding the physical light eigenstates v; with masses m, ;.
The Majorana mass term breaks global lepton number by
two units (AL = 2), so the light neutrinos are Majorana.

The Yukawa couplings to scalars are most transparent in
the light/heavy mass basis. After rotating v;, = (U,) VL

and N; = (Uy),;;N;, the v—N couplings can be written as
1
L -y = —ﬁ(cosaH— sinaH ,)v; (Y7*%) N, (23)

with Y% = Uj Y, Uy. This shows that, in general, each
heavy state N; couples to all light states v;.

In this paper we work in the basis where M, is diagonal,
and we parametrize the Dirac mass matrix via the Casas-
Ibarra form [44]

mp = iU, /i, 0\ My,

where O is a complex orthogonal matrix encoding the high-
energy freedom not fixed by low-energy observables. In the
aligned limit we take O = 1 and use the freedom to label
the heavy eigenstates so that each heavy mass M, is paired
with the corresponding light eigenvalue m,, ;. In this case
Y8 becomes diagonal and one finds

0T0=1, (24)

2m, M
(YiY,), = Z Var |* :#’ (25)
a=eu,t Up
together with the effective seesaw mass parameter
~ (mTDmD)II A
= = =t 26
my M, my 2 M, (26)

where y, ; = (Y**),;. Outside this aligned limit (O # 1),
Y% is nondiagonal and each light mass m,,; arises from a
coherent combination of several (Y*)., entries; in that
case the full matrix structure in Eq. (18) must be retained.

IV. WIMP AND SECLUDED REGIMES

Two qualitatively different regimes arise depending on
the hierarchy between the DM mass and the singlet-like
scalar mass, my .

WIMP-like regime (m, < my ). The WIMP regime
applies for m, < my with y, ~0(0.1 — 1) and a sizable
scalar mixing sin a ~ O(0.1). In this case, annihilation into
SM states is efficient because the dominant channels are
17 — ff via s-channel exchange of H and H o

(ov) 7 « yp(sinacosa)?, (27)
so the same portal that controls annihilation also controls
interactions with nuclei. For weak-scale masses, values of
¥, ~ 0.1-1 can readily reproduce the observed relic density
through thermal freeze-out. However, because the SI
scattering amplitude is also proportional to the Higgs-
singlet mixing, this region is strongly constrained by direct
detection. A well-known exception occurs near the resonant
regime, m, > my /2 (or m, =~ my/2), where annihilation
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is enhanced and the required couplings can be reduced [26],
at the price of some mass tuning.

Secluded regime (m, > my ). In the secluded case, valid
for m, > my ~with moderately small y, ~(0.1) and
sina < 1, the relic abundance is set primarily by annihi-
lations into dark-sector states, most importantly yy —
H,H, through t/u-channel y exchange. For a Dirac
fermion with a scalar Yukawa interaction, this channel is
p-wave suppressed, so parametrically

4 Ve
Y 1—r<1_r+r2)2

ovalel = HpHly) = G (1= 1)
X

— |V
rel?
5 8

(28)

where r = m%p /m2 and v, is the DM relative velocity.

This has two important implications. First, the freeze-out
process can still be efficient because v2, at freeze-out is
0(0.1), whereas today in the Galactic halo v2, ~ 1079, so
late-time annihilation signals are further suppressed and
indirect-detection constraints are typically very weak.
Second, since the dominant annihilation does not rely on
the portal to SM fields, the relic density can be achieved
even when the mixing angle is extremely small.

SI scattering on nucleons proceeds through z-channel
exchange of H or H, and scales as (see Sec. VII)

oSy & yp cos® asin® @ « yj (tan 2a)?, (29)
so in the secluded regime the nuclear cross section is naturally
suppressed by sin? a. Likewise, annihilation into SM fer-
mions [Eq. (27)] becomes negligible for sin @ < 1, strongly
weakening indirect-detection signatures associated with SM
final states. For y ,~((0.1—1), the process yy — H,H , can
nonetheless yield Qpy 2% ~ 0.12 (see Sec. VI).

A key requirement for a thermal secluded history is that,
despite the small portal, the mediator H, remains suffi-
ciently coupled to the SM plasma around freeze-out so that
the dark and visible sectors share a common temperature;
equivalently, the interaction rate for processes such as
H, <> SM (or inverse decays/scatterings mediated by
mixing) must exceed the Hubble expansion rate at
T ~m,/20, and H, must decay before BBN.

Throughout the rest of the paper we focus on the secluded
regime. For this reason, we use tan(2a) as a convenient
measure of the portal strength: it directly quantifies the
Higgs-singlet mixing induced by the scalar potential and
controls both the mixing-suppressed scattering rate and the
subleading annihilation channels into SM states.

V. EVALUATION OF THE
LOOP-INDUCED PORTAL
A. Zero tree-level portal

The scalar portal (R?)(®'®) (and similarly the Abelian
kinetic mixing e’ F,) is gauge invariant and is therefore

generically present in a 4D renormalizable effective field
theory (EFT) unless it is forbidden by additional UV
structure [40,45]. In our framework we impose the boun-
dary condition

k(A) =0 (30)

at a UV scale A, and arrange that the only interactions that
communicate between the SM and the dark sector are those
associated with the neutrino sector, i.e., the Yukawa
matrices Y, and Yy (equivalently, the spurion My) that
also generate the light-neutrino masses. In this way any
nonzero portal is necessarily radiative and aligned with the
breaking that produces m, . In the 't Hooft sense, the setup
is technically natural: in the limit where the neutrino-sector
spurions responsible for lepton-number violation are
switched off, lepton number is restored and both m, and
the portals vanish simultaneously.

A useful consequence is that renormalization group (RG)
running does not regenerate a portal if it is set to zero at A.
Below the heavy-neutrino thresholds the low-energy spec-
trum contains no light fields that carry simultaneously SM
and dark quantum numbers. As a result, the beta function
for the mixed quartic is purely multiplicative,

polu) = -

:dln,u:K(ﬂ)f(’lH”lR’)’p»gi,m), (31)

so k=0 1is an RG fixed point and x(A) =0 implies k(x) = 0
for all u < My in the absence of threshold effects. The first
nonzero contribution therefore arises precisely when the
heavy neutrinos are integrated out, where the neutrino
Yukawas provide the only allowed “bridge” between @ and
R. Therefore, fixing x(A) = 0 keeps it zero at lower scales,
up to threshold corrections at M y.

Two standard UV mechanisms can enforce x(A) =0
(and/or €(A) = 0) in a technically natural way. Since this
assumption is central to the predictivity of the setup, we spell
out more explicitly what is meant by “enforce” and why
these mechanisms are stable under radiative corrections.

For a real gauge-singlet scalar R, the most general
renormalizable potential allows, in addition to the even
terms shown in Eq. (4), also odd operators,

Vou(@.R) =R+ DR + L R(@'D).  (32)
where @ is the SM Higgs doublet. A tadpole term p; R can
always be removed by shifting R — R + ¢ and will be set
to zero in what follows. In complete analogy with the
sequestered boundary condition x(A) = 0 for the quartic
portal, we impose

p3(A) =0, (33)

so that the leading Higgs-singlet communication arises
from the radiatively induced quartic portal oo, (®®)R?
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discussed in Sec. V B. We interpret Eq. (33) as part of the
sequestered UV boundary conditions: in the technically
natural limit in which the messenger sector couples to R
only through even powers, these odd operators are not
regenerated by renormalization-group running below the
heavy thresholds. We report in Appendix D the one-loop
diagrams that generate the effective odd couplings #; and
U3 (as well as their parametric estimates) in the absence of
an R — —R selection rule. The main conclusions are that
the neutrino-induced linear portal is extremely suppressed
for My ~ O(10 — 50) TeV and m, ~ 0.05 eV, leading to a
Higgs-singlet mixing angle sina, < 107° and therefore
negligible Higgs-mediated direct-detection rates, whereas
the cubic coupling us is typically of order y3 ~yy My / (472)
and can significantly affect the singlet vacuum structure
and the scalar mass spectrum unless it is absorbed into the
renormalized potential by matching conditions.

1. Sequestering of sectors

A simple way to forbid all renormalizable tree-level
portals is to assume that, at the UV scale A, the visible and
dark sectors are geometrically or dynamically separated so
that the renormalizable Lagrangian factorizes,

‘Cren(A) = ESM + ‘Cdark + £messv (34)

where L. contains only fields that couple to both sectors.
In this situation operators such as (®'®)(R?) and Fy'F2,
are absent because they directly couple fields localized in
different sectors. Concretely, this happens in: (i) extradi-
mensional constructions where the SM and dark fields live
on different branes (or at separated points in the extra
dimension), so local brane interactions cannot involve
fields from the other brane; and (ii) sequestered supersym-
metry scenarios (including anomaly mediation-type setups)
where locality in the Kihler potential (or conformal
dynamics) suppresses contact terms between hidden and
visible chiral superfields. In both cases, any interaction that
couples the two sectors must proceed through messengers
that have access to both sides (bulk fields, heavy modes, or
explicit connector multiplets) [46-50].

In our EFT, the only such connector fields are the heavy
neutrinos N; (and the lepton doublets in the SM), which
carry the neutrino spurions responsible for m,. Therefore,
the first nonvanishing contribution to « arises only radia-
tively and is necessarily proportional to the same spurions
that break lepton number and generate neutrino masses. Put
differently, sequestering is not simply an ad hoc setting of k
to zero: it is a UV selection rule stating that there are no
local renormalizable operators linking the two sectors at A,
so k(A) = 0 is stable and can only be violated by loops of
the connector fields [46-48,51].

A potential concern is whether Planck-suppressed effects
(gravity) regenerate x. Indeed, higher-dimensional opera-
tors such as (®'®)(RTR)/M?3, are generically expected

unless additional structure is present. However, even if
present, they yield an effective quartic of order Ky, ~
v? /M3, ~ 1073 after EWSB, far below the loop-induced
values relevant here; and in sequestered/anomaly-mediated
constructions such contact terms are further suppressed
[48,49]. Thus, the assumption x(A) =0 is technically
natural in the sense that taking the messenger couplings
to zero restores an enhanced factorization symmetry
between the sectors.

2. Gauge-portal protection (kinetic mixing)

For the kinetic mixing eFYy’ FL, the key point is that it is
only gauge invariant if both gauge factors are Abelian in the
low-energy EFT. A robust way to forbid it in the UV is to

embed the dark U(1),, into a non-Abelian group,
Gp D U(1)p, (35)

so that above the breaking scale the operator FyF, is not
gauge invariant (because there is no gauge-invariant
dimension-4 operator linear in a non-Abelian field
strength). Then ¢(A) = 0 is enforced by gauge symmetry,
and kinetic mixing can only appear after G breaks to
U(1),, through loops of states that simultaneously carry
hypercharge and the appropriate Gp quantum numbers
[40,45,52-54]. In our setup there are no such light
bicharged states, so any induced € is again loop- and
threshold suppressed, and can naturally be aligned with the
same spurions that connect the sectors (e.g., the neutrino
portal) [45,52].

A complementary (and often orthogonal) protection is a
discrete symmetry in the dark sector, such as a dark charge
conjugation Cp under which the dark gauge field flips sign,
AD — —AD (equivalently F}) — —F%). Since F% is even
and FP, is odd, the operator F%F2 is odd and therefore
forbidden as long as Cp, is exact. In this case € can only be
generated by interactions that also break Cp. If the only
Cp-breaking couplings are the same spurions that ulti-
mately generate neutrino masses (e.g., the Majorana-sector
spurions M in our construction), then ¢ is forced to be
radiative and proportional to those spurions, mirroring the
logic for x and ensuring that taking the spurions to zero
simultaneously restores m, = 0 and ¢ = 0 [25,45,52,55].

If additional UV messengers exist, they generically
induce an extra threshold Axyy; in that case ko, should
be viewed as a guaranteed minimal contribution and the
phenomenology interpolates toward the usual Higgs-portal
scenario when |Akyy| 3> [Kigep|-

Why this is technically natural. In both mechanisms,
setting k(A) =0 (and/or ¢(A) =0) is not a tuning of
unrelated parameters: it corresponds to an enhanced sym-
metry (or factorization) of the UV theory. Radiative
corrections cannot generate the forbidden operators unless
the symmetry-breaking messenger interactions are present.
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This is precisely why, once the heavy neutrinos are
integrated out, the RG evolution of x is multiplicative
and the origin is an RG fixed point. In other words, the
portal is small because it is radiatively tied to the same
spurions that make m, small, and any additional UV
completion that respects the above structures will repro-
duce the same qualitative conclusion.

B. Loop-induced portal from the neutrino sector

Assuming the tree-level operator k,(®'®)(R?) is absent,
the leading interaction between @ and R is generated by the
one-loop box diagram in Fig. 1, involving two ®LN
insertions and two RNN insertions. The matching between
the interaction term k, (®'®)(R?) and the loop-induced one
is most transparent in the limit of vanishing external
momenta p.,. Since in our setup the heavy-neutrino
masses are My ;2 O(10) TeV, all phenomenological
applications satisfy pZ, < M,z\,’,, so the zero-momentum
matching is an excellent approximation: higher orders in
pgxt/Mlva correspond to derivative operators and do not
affect the quartic portal.

For a single generation, dimensional regularization and
MS renormalization yield the Wilson coefficient

Yy[PIY P [ My
=—————|In— -1}, 36
Kloop(ﬂ) 162 n qu ( )

so choosing p ~ M minimizes the logarithm and gives the
finite threshold correction

_InPnp

1672 (37)

Kloop(M N ) =
Using the one-generation seesaw relation in the aligned
limit, (Y, Y,) = 2m,My/v} with My = yyv,/+/2, this can
be rewritten as

2
yyvM
Kloop(MN) == 8}7\]1'21}1;/ my, (38)
h

making explicit the parametric scaling Koo o m,. The
overall sign is scheme dependent, but physical quantities

Yn Yx
R----- - R
N

NA NY
P----- - - T
Y, L Y ®

FIG. 1. Box diagram generating the mixed quartic (R?)(®'®)
at one loop from neutrino Yukawa interactions.

such as the mixing angle and scalar masses are RG- and
scheme independent.

For three generations, in the heavy-neutrino mass basis
and in the aligned Casas-Ibarra limit one finds stepwise
threshold matching at each y ~ My 4,

3

2
YviMn
Kloop = — g —=———"m,, (39)
oop = SHZU%l v

where each term is understood as the finite threshold left
after integrating out N; at its mass. If the My, are
nondegenerate, a single choice of x cannot remove all
logarithms simultaneously; the correct multiscale treatment
is stepwise EFT matching. Below the thresholds, the RG
evolution remains purely multiplicative and changes « by at
most a factor of a few between M and the electroweak
scale, so Eq. (39) provides the relevant effective portal for
freeze-out, direct detection, and collider observables.

C. Relation between the mixing angle and m,,

At tree level the scalar mixing angle a between the
SM-like Higgs H and the singlet-like state H , is controlled
by « [Eq. (6)]. Using k = kjoop and My = ynv,/\/2, one
obtains for a single generation

KV, 0, 2Kv,0,

tan2a = =
2 2 2 2
ARVE = Ay vy, my —my

|mu|yNM12V
Zﬁﬂzvh(m%p —m%)
4.66x 10711 I, | My \2
1= (my /125GeV)> ¥ \0.05eV ) \10TeV ) -
(40)

For three generations (e.g., in the aligned Casas-Ibarra limit)
the result generalizes via yyM% |m,| = >, yn M% ,|m, |-
Therefore, the Higgs—singlet mixing that controls the
SM-dark portal is directly proportional to the light-neutrino
masses. In particular, for representative seesaw parameters
the induced mixing is of order tan2a ~ 107!, rendering
direct, indirect, and collider signals essentially undetectable
with current and near-future experiments, while keeping a
consistent thermal secluded history (see also Ref. [26]).

VI. DARK MATTER RELIC DENSITY

Here we detail how DM attains the observed relic
density, following the thermal history of the visible and
hidden sectors from very high temperatures, when the
heavy neutrinos are ultrarelativistic (7" > M y), down to the
BBN epoch at tggy ~ 1 s.

We adopt the secluded regime m, > my with
tan(2a) < 1, so that the relic density is controlled by
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x¥ — H,H, evaluated at the dark temperature 7", while the
Higgs portal is too feeble to maintain (or reestablish)
equilibrium with the SM once the heavy-neutrino bridge
has disappeared. In this regime, the portal affects the relic
density mainly indirectly: it sets the H, lifetime and
determines whether the dark bath can safely dump its
entropy into the SM before BBN.

A. BBN requirement: Prompt H, decays

We start from the end of the thermal history. After DM
freezes out in the dark sector, the dominant annihilation
products are long-lived dark scalars H, that remain part of
the dark bath and subsequently decay into SM states
through their Higgs admixture. If these decays occur after
BBN, the injected electromagnetic and hadronic energy can
spoil light-element abundances. We therefore require
7(H,) Stgpn~ 1 s.

For a Dirac fermi(zn fwith £D - In, H p]_’ f, the decay
width of H), into ff is given by

2

N‘?me m? in2al 1
My

Fferm(Hp) = 2772511'1 a
h

A 3/2
- f> i (41)
f 0

P

where N/ is the color factor and the sum is performed
over all kinematically allowed f with my, > 2my.

Neglecting threshold effects and summing over open
fermionic channels for my; € [20,100] GeV, a convenient

parametrization is

1 43 x1072's /20 GeV
Tferm(Hp> ~ ( ) ’ (42)

Tem(H,) ~ (wn2a)> \ my,

up to O(1) factors from channel thresholds. Using the loop-
induced mixing and the tan2a relation of Eq. (41) one
obtains for one generation

1.20 s\ /20 GeV) /16 TeV\* /0.05 eV 2
et = (57) G ) G ) (5)
YN my, My my,
me 272
x [1 - (125 GeV) } ' (43)
This makes explicit the strong sensitivity to the heavy
NEutrinos e, (H,) o« My*, which ultimately traces back to
the radiative origin of the portal and the seesaw suppres-
sion: tan(2a) o Kio0p  m, M3 (for fixed yy and v,). For
three generations the same scaling holds with the replace-
ment yyMym, — >, vy My -
Figure 2 confirms this scaling by showing the
(mp,.My) region where H, — ff occurs before BBN
(Tterm < 7ppn)s assuming yy = 1 and m, = 0.05 eV. For

my <100 GeV, larger my  typically requires smaller My
to keep 7fm < 1 s, while a pronounced dip appears as

103
e
\ T<ls
\\
\\\
s,
1
102_:. \\\
by ] N
2 .
= My //
it ¢ %
= \\\ i
E ‘~\~\ e
101 4 Tr /-
3 \\ !
\ II
\‘,
I
caeeiT=1.08 ‘.;
!
T<ls f
10° E———Em—E, S T HL L R s S 1A}
1071 10° 10! 102 103
my, [GeV]

FIG. 2. Values of the heavy-neutrino mass M and dark scalar
mass my  for which the decay of H), occurs before BBN. We fix

yy = 1 and m, = 0.05 eV.

my, — my due to the 1/(my —mj)> enhancement in

tan 2a. For My, > My, the trend reverses and the allowed
My increase with My, . Away from the near-degeneracy

region, one typically needs My Z 10 TeV to ensure
Tferm Sls.

Since we work with WIMP-range m, and require
m, > my, (secluded regime), and because BBN safety
favors multi-tens-TeV M to guarantee prompt H , decays

into SM fermions, in what follows we assume the following
mass hierarchy

MN > m)( > me. (44)

B. Dark matter thermal history

When several heavy Majorana eigenstates N; are
present, the slowest (last) to lose equilibrium is the lightest
one. It is therefore sufficient (and conservative) to track a
single state N with mass My = min;(My ;). In the aligned
limit we denote by m,, the light eigenvalue paired with this
lightest N.

1. Era I (T > My): Full thermal contact

For temperatures above the heavy-neutrino threshold the
SM and the hidden sector are connected by the neutrino
portal. The relevant processes include:
(i) decays/inverse decays N <> L, H,L,H";
(i) AL =1 scatterings with one neutrino Yukawa
and one SM coupling, such as NL, <> Ozt and
L,A < NH;

(iii) AL = 2 scatterings induced by virtual N; and

(iv) portal reactions involving the dark scalar R (and via
R the DM), including NR <> L, H and, in princi-
ple, RR < HH.
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A complete discussion of these channels, including
reduced cross sections and reaction densities, is given in
Appendixes A and B.

For the lightest state N (mass My), the thermally
averaged decay rate in the unbroken phase and aligned
limit is

Kl(f) _va]2\7

<FD>T:FDK2(§)7 D— 47”);; s

_My

to be compared with H(T) = 1.66,/g,T%/Mp. Solving
(Tp)r = H(T) in the relativistic regime gives

T [ mMu ]V o m, ' (10675\1/
My (1328702 \0.05eV g, ’

(40)

so N is in thermal equilibrium with the SM bath for
T Z few x My. At T = My one finds

(TCp)r

o ~ 0(20 — 30)

T=My

for m, ~0.05 eV, (47)

showing that decays/inverse decays alone efficiently main-
tain contact near and above T ~ My for seesaw-motivated
parameters.

The leading AL = 1 scatterings provide an additional
contribution. Summing the dominant top- and gauge-
assisted channels one finds

r&=r)  2e mMp, , L, My My
- — (i +97)——~O0(1)—.

H(T) 1.66,/g, 12 T T
(48)

with ¢; = (3 —7) x 107*. Thus AL = 1 scattering rates are
comparable to H around 7 ~ My (and subleading at
T > M), reinforcing equilibration that is dominated by
decays/inverse decays. In contrast, AL = 2 rates become
relevant only at very high temperatures (T 2 10'> GeV)
and are negligible here.

Among the portal processes, RR <> HH is controlled
by the loop-induced quartic and is completely negligible:
since 6(RR — HH) ~ i,/ (167s), one has Trg_ppy ~
Kinop] < H for the extremely small kio,, implied by
the seesaw. Conversely, the mixed Yukawa process
NR < L,H, controlled by yy and y,, can be non-
negligible. For yy = O(1) it satisfies I'/H ~ 0.1-0.2 near
T ~ My (Appendix B) and provides an additional energy-
transfer channel between the two sectors. In practice,
once N is thermalized by decays/inverse decays, even a
subleading NR <> LH rate is sufficient to keep R (and via
Y, also y) in equilibrium with the SM at early times.

Overall, in Era I the neutrino portal is efficient: decays/
inverse decays and AL = 1 scatterings ensure N tracks the

1018

1010 4 H(T) ---- AL=1
T~ My AL=2
— ([p) e N,R=LH
108 LR LLLL | LI LLLL | LENLILELALLL | LENLELELLLLL | LENLELILLLLL
1073 1072 107t 10° 10! 10?
E=My/T
FIG. 3. Per-particle rates vs expansion rate for the neutrino-

portal processes as a function of & = My /T: decay/inverse decay
N < LH (red solid), AL = 1 scatterings (blue dashed), NR <
L, H (black dotted), and AL = 2 scatterings (orange dot dashed).
We fix My =20 TeV, m, = 0.05 eV, and yy = 1. The green
band shows H(T); the cyan band reflects the uncertainty on the
coefficient ¢ in the AL = 1 rate. The vertical yellow band marks
the transition to the nonrelativistic regime for N where its
abundance becomes Boltzmann suppressed.

SM bath, while the NR <> LH channel (for sizeable yy)
communicates this equilibrium to the dark sector.

In Fig. 3 we compare the relevant per-particle rates to
H(T)" as a function of £ for the benchmark My = 20 TeV,
m, = 0.05 eV, and yy = 1. The thermally averaged decay/
inverse-decay rate (I'p) exceeds H(T') around and above
T ~ My, ensuring efficient equilibration between N and the
SM bath. The AL = 1 scatterings, shown as a band from
the uncertainty in c;, contribute at the level of H near
T ~ My and remain comparable to H for T = M, reinforc-
ing thermal contact. The portal scattering NR <> L, H is
also efficient for the chosen parameters [yy = O(1)], with
I'/H ~ O(0.1 — 1) throughout the range where N is still
abundant; once N is in equilibrium, the dark scalar and y
are therefore brought into equilibrium with the SM as well.
In contrast, the AL = 2 rates remain well below H(T) at
these scales and do not affect equilibration. For T < My
(¢ z 1), the number density of N becomes Boltzmann
suppressed; all N-mediated processes effectively decouple,
and the neutrino portal ceases to maintain thermal contact.

2. Era II (T $My): Portal decoupling
and entropy bookkeeping

As T drops below the (lightest) heavy-neutrino mass, the
equilibrium number density of N becomes Boltzmann

"The figure shows per-particle rates I, which by construc-
tion do not exhibit Boltzmann suppression for 7" < M. That
suppression enters instead through the reaction density
7(T) = n3 (T)(T), with n{(T) o (MyT)32e~Mn/T,
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suppressed. Even though the per-particle rates in Fig. 3
remain finite, the reaction densities y(T) = ny(T)(T')
inherit the e M~/T suppression, and the total energy
exchange between the SM and dark bath rapidly shuts
off. We define the decoupling temperature 7y as the epoch
when the energy-transfer rate falls below H; numerically
this typically occurs at

Tgee ~ (0.2 = 0.3)My. (49)

with mild dependence on y, and on the precise criterion
(see Appendix C).

After visible-dark decoupling, the comoving entropies of
the two sectors are separately conserved,
svis(T)a® = const, Saark (T"s {u;})a® = const,  (50)
and the temperature ratio { = T'/T is fixed by entropy
conservation. If (i) each bath can be treated as radiation
with y; = 0 and (ii) number-changing processes inside the
dark bath are efficient enough to enforce u; =0, one
obtains the standard relation [56]

- [fom] G e

This simplified expression holds only while the assump-
tions above remain valid. In particular, when H, (or y)
becomes semi-/nonrelativistic or after dark chemical
freeze-out (when p; # 0), one must use the general entropy
expression (see Appendix C). In typical GeV-TeV DM
benchmarks with multi-TeV M, one finds { ~ 1-2 at the
epoch relevant for DM freeze-out, depending on the dark
spectrum.

We stress that after Ty the Higgs portal does not
reequilibrate the two sectors. This follows from the radiative
nature of the portal: k(My) = Kjpop ~ 107> — 10712 for
seesaw-motivated parameters, and its subsequent RG
evolution is purely multiplicative and changes « by at most
an O(1-10) factor down to the electroweak scale.
Consequently, all Higgs-portal processes remain negligible
for thermal contact at late times.

3. Era III: Freeze-out in a decoupled dark bath
with T' =¢T

For m, > my , the annihilation yy — H,H, keeps the
dark bath internally thermalized at temperature 7" = (T,
while the portal is far too small to reequilibrate with the
SM. Working with x=m,/T and x'=m,/T = x/C,
the Boltzmann equation for the visible-entropy yield
Y, =n,/s reads

- (Y1) (52)

with YyU(T') = n(T")/s5yis(T) &« x?K,(x') the equilib-
rium abundance evaluated at the dark temperature.
During radiation domination, the Hubble rate depends
on the fotal radiation energy density from both sectors,

P 2

HT) =755 vm

[gV5(T) + g™ (T")¢4V2 = (53)

2| 7
_ 1.66+/ g3 (T,T)T2, (54)

Mp,
where ¢f(T,T') = g¥(T) + ¢*¢%™*(T"). In our minimal
setup ¢d¥* is small, so the correction to H is typically
subleading, but we keep it for completeness.

The annihilation yy — H,H , is p wave in the limit of a
pure scalar coupling YpXxH,, so its thermal average scales
as (01}) « 1/x" (see Appendix C). The freeze-out condition
is n;(T') (o >(T/) H(T), which yields the usual loga-
rithmic solution x ~20-30 for m,, in the GeV-TeV range
and y, ~ O(0.1- 1) similar to standard WIMPs but evalu-
ated at the dark temperature.

The relic density follows from the asymptotic yield Y, o,

H !
V9 (Tr T) 032 647m>
Q12 ~ (1.05 x 10° GeV~') 1) cxy 4y

X TN v1s (Tf) M—Pl 3)74,1,
(55)

which makes explicit two key effects of the two-temper-
ature setup: (i) the explicit { factor from the annihilation
integral, Jo7  1/¢ for p-wave freeze-out, and (ii) the mild
dependence on the total expansion rate through ¢f.
Inverting Eq. (55), one finds the coupling required to
reproduce Q,h* ~0.12,

=043 YN my V(g \TVE g\
) (weew) (5623 100) -

(56)

ie., y, ~0O(0.1-1) over the mass range of interest.
Equivalently, a useful heuristic for the required thermal

rate is
g1 glark
[1+0< — g“)], (57)

so a hotter dark bath ({ > 1) requires a smaller annihilation
cross section than the canonical WIMP value. Physically,
for fixed x’f the dark bath has a larger equilibrium density
n,'(T") than the visible bath would have at the same 7', and
freeze-out therefore occurs for a slightly reduced annihi-
lation strength.

2 x 10720 cm?
<Gv>req ~ ¢
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Finally, we emphasize the internal consistency of the
thermal history: (i) at early times the neutrino portal ensures
full equilibrium, so the initial condition for Y, is the
equilibrium abundance at 7" = T; (ii) once N becomes
Boltzmann suppressed, the sectors decouple and a temper-
ature ratio { is generated by subsequent entropy dumps;
(iii) the radiatively induced Higgs portal remains far too
small to undo this decoupling, both because ki, s tiny and
because its RG running is only multiplicative; and (iv) DM
freezes out in the dark bath through yy — H,H, and the
resulting long-lived H,, decays before BBN in the param-
eter region of Fig. 2.

VII. NUCLEAR CROSS-SECTION UPPER LIMITS

Direct-detection experiments constrain the SI elastic
scattering of DM off nuclei. In our setup, SI scattering
proceeds at tree level via #-channel exchange of the two
CP-even scalars H and H ,. The rate is therefore controlled
by the Higgs-singlet mixing angle a. Crucially, in the
neutrino-aligned scenario considered here the mixing
(equivalently the portal quartic «) is radiatively generated
and proportional to the light neutrino masses, which
implies a dramatic suppression of the nuclear cross section.

The LZ experiment sets currently the strongest con-
straints on ST WIMP-nucleon scattering in the WIMP-mass
range: its most stringent limit is 2.2 x 107* cm? at
m, ~40 GeV  (90% CL), with comparable bounds

~O(107*) cm?* across m, ~10-10° GeV [17]. The SI
cross section on a nucleon is

2,0 2 2 2

UNMNNYp 1 1

oSy = N sin2gcos?a( — ———) . (58)
2rvy, my My

where py = m,my/(m, + my) is the y—N reduced mass
and fy~0.30 is the nucleon scalar form factor.
Equation (58) exhibits a “blind spot” for m H, = My, where
the H and H, contributions cancel.

For the secluded benchmarks of interest, |a] < 1 and
typically m H, < mpy. In this regime one has sin a cos o ~

3sin2a = jtan2a and (1/mj; — 1/my; )* = 1/my; , so that

2
ooy & vy (sinacos a)? e %Tptanz(Za) m%' (59)
H, H,
This makes the parametric suppression transparent: the
same tiny mixing that sequesters the hidden sector from the
SM suppresses the nuclear cross section quadratically, and
the neutrino-aligned origin of « enforces this smallness.
A more useful expression is obtained by trading the
mixing angle for the portal quartic x through Eq. (38), and
inserting the loop-induced Ko, generated at the heavy-
neutrino thresholds. The result can be written entirely in
terms of physical parameters, with no residual dependence

on the singlet VEV v,

2.2 2.2 3

SI ﬂNmeNyp 2 2 M4 (60)

GZN_6475 T4 4 Ynamy iy g |-
wmymy vy \1=

Therefore, direct detection constrains the specific neutrino-
spurion combination ",y ,mZ My, that controls the
radiative portal. The strong M4, scaling in Eq. (60) arises
after rewriting the result in terms of the physical seesaw
parameters m,, ; rather than the Dirac Yukawas Y.
Numerically, for m, > my (so uy =~ my),

B v, \2 /10 GeV\*4
ooy ~=3.9x 1077 cm? (Tp> < >

m H,

i YN 2omy A My \* (61)
1 0.05 eV 10 TeV/ *

I=1

Even for y, ~O(1) (as required by the relic density in
Sec. VI), yy;~O(1), and my ~ 10-100 GeV, this is
many orders of magnitude below current SI limits, because
the rate is suppressed by m2, and by the loop factor
inherent to the radiative portal.

Fixing y, to the value that reproduces Q){hz [Eq. (56)],
the LZ bound can be translated into a conservative upper
limit on the heavy neutrino scale. For one generation and
m, = 100 GeV one finds

1 \1/2/0.05eV\1/2/ m
MN51.7x103TeV( ) ( ¢ > ( y )
YpYN m, 10 GeV

(62)

In Fig. 4 we show the bounds on M), as a function of m,,
obtained by applying the SI limits from Ref. [17] to our

10!

6x10° =

4x10° =

3x10° =

My [103 TeV]

2x10° =

100 T T Trrrrmg T T T rrrrng T T T rrrrr
10! 102 103 104
m, [GeV]

FIG. 4. Upper limit on the heavy-neutrino mass My as a
function of the DM mass m,, obtained by applying the spin-
independent limits from Ref. [17] to our model [see Eq. (61)].
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model. This bound lies far above the multi-TeV range
relevant for our thermal history (and the BBN requirement
on the H, lifetime in Sec. VI). Therefore, throughout the
parameter space of interest [My ~ O(10-100) TeV,
v~ 1, My, ~ few — 100 GeV], the loop-induced portal
is safely consistent with current direct-detection limits and
remains well below the neutrino floor.

In summary, direct-detection experiments do constrain
the radiative portal, but the suppression by the neutrino
masses implies that current LZ limits only exclude
extremely large heavy-neutrino masses (up to the few-
PeV scale for y,, yy ~ 1 and my, ~ 10 GeV). In practice,
for the seesaw-motivated multi-TeV regime relevant for our
thermal history, the SI cross section is many orders of
magnitude below the neutrino floor and well beyond the
reach of next-generation xenon-based detectors.

VIII. CONCLUSIONS

We have presented a predictive realization of thermal
secluded DM in which the leading renormalizable com-
munication between the SM and the hidden sector is absent
at tree level and is generated radiatively by the same
spurions that control light-neutrino masses. The model
extends the SM by an Abelian gauge group U(1), and
includes a Dirac fermion y (the DM candidate), a Higgs-
like singlet scalar R, and three heavy singlet neutrinos N;
implementing a type-I seesaw. The DM particle y is
charged under U(1)y, while R is neutral, so that its
VEV does not break the new gauge symmetry.

A central assumption of the setup is that the usual
renormalizable portals between the two sectors—the Higgs
portal (R?)(®'®) and, optionally, the Abelian kinetic
mixing eFYy Fj,—are set to zero at a UV scale A. This
can be technically natural in standard UV realizations (e.g.,
sequestering or symmetry protection), and implies that the
leading visible-dark interaction is induced at one loop by
the neutrino sector. Integrating out the heavy singlets
generates a mixed quartic ko, and hence a Higgs-singlet
mixing angle « that is directly correlated with the physical
seesaw parameters. Parametrically,

tan(2a) ~ 35 x 10711 e Mvi Vo)
an ~ -
“ L 0.05 ev ) \10 Tev ’

(63)

so that the portal strength is ultimately controlled by the
smallness of the SM active neutrino masses m,. In this
sense, the null results of WIMP searches are not the
consequence of tuning a generic Higgs portal to a tiny
value: once the tree-level portal is absent, the radiatively
generated portal is automatically minuscule because it is
proportional to the same neutrino-sector parameters that
generate m,,.

We have focused on the phenomenologically relevant
secluded regime with m, > my and tan(2a) < 1, where
H,, denotes the singlet CP-even scalar. In this regime the
relic density is set dominantly by hidden-sector annihila-
tions, yy — H,H ,, while annihilations into SM final states
are suppressed by the tiny mixing. The dominant channel is
p wave, so the late-time annihilation rate is further reduced
compared to standard s-wave WIMPs. After the neutrino
portal decouples around 7 ~ M, the dark bath can remain
at a temperature 7’ = {T (typically ¢~ 1-2), and DM
freezes out in the dark sector. Reproducing Qpy A% =~ 0.12
requires a Yukawa coupling y, = O(0.1-1), i.e., WIMP-
like values, but with the crucial difference that present-day
signals are not tied to the thermal annihilation rate because
the SM portal is radiative and extremely small. Requiring
that the mediator subsequently decays sufficiently early,
H,— ff, before BBN, selects heavy-neutrino masses in
the multi-TeV range for O(1) neutrino-sector couplings in
the aligned limit.

A key phenomenological consequence is the predicted
size of the ST WIMP-nucleon cross section. In our model SI
scattering arises from 7-channel exchange of H and H, and
is entirely controlled by the mixing angle a. Using the
radiative relation between a and the neutrino spurions,
the SI cross section can be expressed directly in terms of
physical  neutrino-sector  parameters, schematically
Oyn & Yyt 30 Vi my My, with no dependence on
the singlet VEV. Numerically, for My ; ~ 10-100 TeV
(the range favored by our thermal history and BBN), the
resulting cross section lies many orders of magnitude
below current direct-detection bounds and, in practice,
well beneath the neutrino floor. Only for much larger
heavy-neutrino masses does the loop-induced portal
become sizable: for My, ~O(PeV) the predicted o,y

can approach the reach of next-generation xenon searches.
Interestingly, this higher-scale regime can also overlap
with the parameter space where standard thermal or
resonant leptogenesis is viable, potentially linking the
same heavy singlet sector to the origin of the baryon
asymmetry [57-59].

Overall, our results show that a WIMP-mass thermal
relic with O(0.1-1) hidden-sector couplings can be fully
consistent with the null results of direct, indirect, and
collider searches when the leading portal is radiative and
aligned with neutrino-mass breaking. In this class of
models the smallness of m, does not merely coexist
with the absence of DM signals, but quantitatively
enforces it: the portal is predictably tiny, the relic density
is controlled by secluded annihilations, and direct-detec-
tion bounds only become relevant for extremely large
heavy-neutrino scales. This provides a simple and
UV-motivated paradigm in which the lack of standard
WIMP signatures is a generic expectation rather than an
unexplained coincidence.
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APPENDIX A: THERMAL AVERAGING
AND EFFECTIVE RATES

In a radiation-dominated expanding Universe, departures
of the number density of a species X from equilibrium relax
back with an effective rate that sums all number-changing
channels that create or destroy X, normalized to the
equilibrium abundance. Linearizing the Boltzmann equa-
tion around ny!,

ity + 3Hny = —(ny — n )T (T),
Fg{ff(T) _ Zﬂ’i(T)

(A1)

where the sum runs over all relevant processes i and y; are
the corresponding reaction densities (rates per unit vol-
ume). Chemical equilibrium is maintained when I'{' > H.
A practical tracking criterion that accounts for the explicit
temperature dependence of ny! is

eff
X (T) 3 _ My
H(T) >>§+§x’ $x =7 (A2)

This follows from linearizing the Boltzmann equation
and demanding that the relaxation time is much shorter
than the Hubble time, including the dilution term. However,
in the paper we have just used the simplified condi-
tion N > 1.
H(T)

Reaction densities and reduced cross sections. For a

generic 2 — 2 process ab — cd, the reaction density is

}/ab—wd(T) _/madnbdncdnd(zﬂ)4

x 8 (py+ pp— Pe — Pa)
X fa (1 £ f) (1 £ f) | Mapocal®s (A3)

with dIl; = d*p;/[(27)°2E;] and fily(E) = 1/(e"/T & 1)

for fermions/bosons. Using standard manipulations and
introducing the reduced cross section 6 = 250 (see, e.g.,
Refs. [59-62]), this can be written for (effectively) massless
initial states as

(1) = .
Yab—cd - 6471’4 T

! Am ds6 ap—ca(s)V/'sK, (\/_> (A4)

where K is a modified Bessel function and s,,;, includes
thermal masses when relevant. Quantum-statistical factors
and thermal corrections are encoded in 6 and in the
effective threshold s;,.

When Maxwell-Boltzmann factorization holds one may
also estimate y,,_.4 = ng'ny (cv); Eqs. (A3) and (A4)
provide the exact thermal result used in our calculations.

1. Useful templates
(i) Pair annihilation XX <> SM. Near equilibrium,

fix + 3Hny = —(o0)(n% — n?) = T = 2(ov)n$d.

(AS)

(The factor 2 counts the two X destroyed per reaction.)
(i) Semiannihilation XX <> XY.

¥ = (ov)ny. (A6)
(iii) Coannihilation Xa <> SM (partner a thermal).
st ~ (60) g na - (A7)
(iv) Decay/inverse decay X <> SM.
Ki(¢x) my
reft =, ==X g =X A8
Yhey T WY
with K|/K, ~&x/2 for éy <1 and K;/K, — 1
for &y > 1.
(v) 2 — 2 production of a single X: ab — X - - -.
l’*etf _ Yab—X ( ’ A9
YR "

with y from Eq. (A4). This is the precise counterpart of
the heuristic I' ~ > n®4(ov).
(vi) Number-changing 3 — 2.

fiy 4+ 3Hny = —(ov?)(n} — nS3?)
= I = 3(c0?) (ny))>%. (A10)
(vii) Elastic (kinetic) scattering with bath species b.
Fkin ~ nzq<O'TU>, (All)
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relevant for temperature (rather than number) equili-
bration.

In natural units, n°4~GeV? and y ~GeV*, hence
I = y/n® ~ GeV. Boltzmann and threshold effects are
automatically encoded in Eqgs. (A3) and (A4) and in
K (£x)/K»(Ex); as a result, T°/H drops rapidly once
&z O(1-3).

APPENDIX B: DETAILS OF AL=1
SCATTERINGS AT HIGH TEMPERATURE

As discussed in the main text, for temperatures larger
than the lightest heavy-neutrino mass, T 2 My, the SM
bath is in thermal contact with the hidden sector through the
neutrino portal. In this section, H denotes the SM Higgs
doublet in the unbroken phase, not the CP-even mass
eigenstate H of Appendix II.

The relevant interaction terms are

—— 1 _ .
—Ly D Y{'L,HN, +§Y§JRN,'CN/ + VxR +y,Q3 H tg

+Hec., (B1)

Lowge 2 Y _ [ 1"(92T°We + gyYB,)f + (D, H)' (D"H)
f

+xir' (0, + igxq, Z, )X (B2)
with H = ioc,H*, f running over SM fermions, 7¢ the
SU(2), generators, Y hypercharge, and D, the SM
covariant derivative acting on H. The process Feynman
diagrams are reported in Fig. 5. We list below the main
processes keeping the hidden sector in thermal contact with
the SM:
(1) Decays and inverse decays (with violation of lepton
number AL = 1):
N; < L,H, N, < L H'. (B3)
These control the production and destruction of
heavy neutrinos N; and are the leading neutrino-
portal processes in the relativistic and mildly non-
relativistic regimes.
(il) AL =1 Yukawa—mediated scatterings with one Y,
and one SM coupling, e.g.,
N,L, < Qst, L,A < N;H, (B4)
and their crossed channels, mediated by Higgs or
lepton exchange, where A is a SM electroweak
gauge boson. These are O(Y2y?) and O(Y2g)
processes and efficiently contribute to keeping N;
in kinetic and chemical contact with the SM plasma
for T 2 M;.

(ili) AL = 2 scatterings induced by virtual N, such as

L,H < LzH", L,Ly < HH, (BYS)
which encode lepton-number violation and are
relevant for washout and for the low-energy Wein-
berg operator once N; are integrated out. These
processes are relevant only at very high temperatures
(T = 10'? GeV) and are negligible near (and below)
T ~ M;. We will not consider them further.

@iv) Portal processes involving the dark scalar and DM,
mediated by N; and R, e.g.,

N/N;<R, N R<L,H, RR< HH, (B6)
and, via the R—y coupling, reactions that transfer
energy and number between y and the SM through
the N;—R chain. Once N; are in equilibrium with the
SM, these interactions help ensure that the dark
sector is also thermally linked.

In the following we quantify the rates of decays/inverse
decays, the leading AL =1 scatterings, and the portal
processes involving the dark scalar and DM. We work in
the unbroken phase and for T > mgyy, taking all external
masses (except My ;) negligible. When several heavy
Majorana eigenstates N; are present, the slowest (last) to
lose equilibrium is the lightest one. It is therefore sufficient
(and conservative) to track a single state N with mass
My = min;(My ;). In the aligned limit, we denote by m,
the light eigenvalue paired with this lightest N.

1. Tree-level width N; — L H

We start from the neutrino Yukawa interaction for a
given mass eigenstate Ny,

Lin D =YL HN; +Hec.

Expanding in components, this contains decays of the form
N; — ¢,H. Summing over lepton flavors yields the total
width for decays and inverse decays

M
:%ZX:DMP‘?(”H’V&,)’ (B7)

2 2

m ny
rH=Ta. T, = (B8)

My, My,

In the unbroken phase, or whenever My ;> my,m;_,
F(ry, r,ga) — 1, so that
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\ 777777 R \‘\’ / \\:
/V/ T T~ T

Ny R H R

(i)

FIG. 5.

Representative neutrino-portal processes maintaining thermal contact between the SM, the heavy neutrinos N;, and

the dark sector at T >> M. (i) Decays and inverse decays N; <> L, H,L,H", (ii)) AL = 1 scatterings: N;L, <> Qstand L,A < N H
(t-channel), (iii) AL = 2 scatterings: LH <> LH', LL <> HH via s-channel N;, and (iv) Portal processes with R (and y via R):

N;N; <> R,N;R < L,H,RR < HH.

T)’)n- (B9)

This is the standard expression used in leptogenesis
analyses [57-59].

In the early Universe the heavy neutrinos N; are
immersed in a thermal bath and are produced with a
momentum distribution rather than at rest. The relevant
quantity for equilibration is the time-dilated, thermally

averaged decay rate per particle (see Appendix A) for the
lightest of the heavy neutrinos N,

_r Ki©) _My
<FD>T_FDK2(§)’ = 7

where K, are modified Bessel functions of the second
kind and we assume Maxwell-Boltzmann statistics for N;.
To assess thermal contact we compare (I'p); with the

(B10)
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Hubble rate during radiation domination,

T? M3 1
H(T) = 1.66\/9*(T)M—Pl = 1.66\/g, (B11)

"Mp &

where g, is the effective number of relativistic degrees of
freedom (d.o.f.). Using Egs. (B9) and (B10) and in the
aligned Casas-Ibarra limit ((yy),, = 2m,, ;M;/v?) the ratio
(Tp.1)r/H(T) simplifies to

(I'p)r _ m, Mp, , K, €)
H(T)  421.66,/g,v7° Ky(&)

(B12)

We define the equilibration (or decoupling) temperature
T, by

=1. (B13)

ForT, > My (i.e.,&, < 1),wecanuse K| (§)/K, (&) =~ &/2,
so Eq. (B12) yields

T 113 /106.75\ 1/6
NP XY g 0075\ (B1ay
My 0.05 eV G

so that N enter equilibrium as the Universe cools to
T ~fewx My, and are well in equilibrium for
T <few x My. Evaluating Eq. (B12) at T=My (£ =1)
gives

(Tp)r __ mMp Ky(1)
H(T) |r_p, 471.66,/7,v7 K»(1)
~O(20—30) for m, ~0.05eV, (BIS)

confirming that decays and inverse decays alone are fast
enough to maintain thermal contact around and below
T ~ few x My for seesaw-motivated parameters.

2. Top-assisted scattering N;L, — Qst

We now consider the process N;(p;)+ Lo(p2) —
03(p3) + t(ps) mediated by r-channel Higgs exchange
of the interaction term —L Dy, L,HN,+y,0;Hty +
H.c. In the relativistic regime s> M? m%(T), after
spin/color sums and angular integration one finds a reduced
cross section of the form

8N,L—>Q3t(s> = 255N,L—>Q3r(s)

3 s
— e il

mi(T)

), (B16)

with

]—',(x)5<1+%>ln(l—l—x)—2, x=-——. (B17)

With hard thermal loop (HTL) thermal masses® m2 (T ~
cyg*T? and typical s ~ (2T)? one has x = O(5 — 20), so
numerically F,(x) ~0.3 —1.0. A fully resummed deriva-
tion (including HTL propagators and exact J;) can be
found in [60-62].

3. Gauge-assisted scattering L, A — N;H

Now we focus on the process L,(p,)+ A(py) —
N;(p3) + H(p4) where A is an electroweak gauge boson
(W, or B). These channels involve one neutrino Yukawa
and one gauge vertex and are representative of O(Y?g?)
scatterings. In the unbroken phase the relevant inter-
actions are

Ly DYYL,HN;+H.c., (B18)

‘Cgauge ) gzayﬂTaLaAZ + (DﬂH)T(DﬂH>’ (Blg)
with analogous hypercharge couplings. A representative
contribution is the #-channel lepton exchange; s- and
u-channel diagrams complete the gauge—invariant set and
yield the same parametric dependence once summed.

Summing over spins, polarizations and gauge indices,
and working in the relativistic regime s > M7, mj ,; ,(T),
one obtains the reduced cross section

3LA—»N,H(S) = 256LA—>N,H(S)
CA S
— e P, ().
87 I\m, (T)

where: C4 = O(1) is a group-theory factor, m3 (T) is a

representative thermal scale built from m?(T), m%(T),

m3(T), and F, is a dimensionless function encoding
angular structure and IR regularization. A convenient

parametrization with the correct limits is

(B20)

fg(x)s(l+§>ln(l+x)—1, x= 2s (B21)

For m3(T)~cg’T* and s~ (2T)? one typically has
x = O(5 — 30) and hence F ;(x) ~ 0.5 — 2. Summing over
flavors,

6ra-n,u(s) = 8_:: (YuYy)ng}-y <m2 (T)
th

> . (B22)

HTL masses are temperature-dependent effective masses that
particles acquire from interactions in a hot plasma, computed
within the hard thermal loop approximation [63].
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Detailed HTL-resummed expressions and precise values of
F, for the individual gauge channels can be found
in [60-62].

4. Per-particle rates and comparison with Hubble rate
for the top- and gauge-assisted scatterings

For equilibration we require the per-particle rate, nor-
malized to one heavy neutrino N,

res ) =12 (B23)

”N,(T>
where y;—; is the sum of the relevant AL = 1 reaction
densities involving N;. In the relativistic limit (T > M),
the equilibrium number density of a Majorana fermion
(gy =2) is

3%0) 1o

272

nf\?[ (T) = (B24)

For a slowly varying reduced cross section 6(s) & 6y,
Eq. (A4) gives

60T*

T)~——, B25
() =20 (525
using [¢° dxx?K(x) = 2. Thus
T 6
l—‘scatt(T) = Z(E ) = . T. (B26)

ny (T)  24¢(3)n?

The scattering rate for top-assisted scatterings can be
determined using Eq. (B16),

AL=1 3F
Ffop.l )(T) =~ W (YDY,), T
= ¢, (YY), yiT, (B27)

with ¢, = 3F,/(192¢(3)7%) ~ (2 — 4) x 107*, which para-
metrizes the theoretical uncertainties associated with thermal
masses, IR regularization, and phase-space approximations.
Instead, for gauge-assisted processes and using Eq. (B22),
we find

(AL=1) iy, CuFy ¥ 2
1—‘gauge,l (T) —W(YUYD)HQ T
= ¢,(Y)Y,) 9T, (B28)

with ¢, = C4F,/(192¢(3)n*) = (1 —3) x 1074,

Summing the dominant channels,

F(AL:])(T) — = n p(AL=1)

scatt top,/ gauge,/
ﬁcl(YZYy)ll(Yzz+92)T» (B29)
with an effective coefficient
ci~(3-7)x 1074, (B30)

once thermal masses, angular dependence and channel
multiplicities are taken into account, in agreement with
detailed numerical studies [60-62]. The variation in the
parameters ¢;, ¢, and consequently c; parametrizes the
theoretical uncertainty from thermal masses, IR regulari-
zation, and phase-space approximations in the AL =1
scatterings.
(AL=1)

In the aligned limit Ty, '(7) can be rewritten as

- m, ;M
Fau (1) =2e, ==L (6 + )T, (B31)

h

Therefore, the ratio between the scattering and the Hubble
rate is

(AL=1)
r T 2 M M
scatt ( ) ~ Cq ml/,12 Pl (y12 + 92)_[ (B32)
H(T) 1667, v T

For m,; ~0.05 eV, g, ~10%, y? +¢ =0O(1) and ¢; ~
5 x 10™* one obtains for T ~ M,

F(A%fl)
> 0(1). B
n_ 2 o) (B33)

5. Portal processes involving R and y

(a) RR <> HH. The cross section of the process RR <>
HH depends on k. In fact, for T > my, mg it
scales as

Ki
6(RR - HH) ~ %

, ~ T2 B34
167s g (B34)
The per-particle rate is

Urponin ~ Ng'o ~ KlzoopT’ (B35)

up to O(107") factors. For the values relevant in our
model, Kjo0p ~107'=107"°, hence gg_ypy/T ~ 10720
and Trp_yy < H(T) at all temperatures of interest.
Thus RR <> HH is completely negligible for thermal
contact.

(b) N;R — LH. The process N;R — L,H proceeds
through the combination of the Majorana coupling
RN;N; and the Dirac Yukawa L,HN;. In the mass
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basis (and in the limit where R couples diagonally to
Nj), the relevant interactions are

1 — - .
—£ >} EyN,IRNICNI + yalL(l HN[ =+ H.C., (B36)

so that N;R — L H proceeds dominantly via s-channel
N; exchange. In the unbroken phase and for
T > mgy, taking all external masses (except M;)
negligible, the reduced cross section 6(s) = 2s0(s) is

. 1 s
ONR-LH(S) = 3 ynaP(Y0Y,) 1 F g (W) (B37)
I

where F yp is a dimensionless kinematic function that
encodes the exact angular dependence and the mild
s/M? dependence. For s 2 (2T)? > M? one has

2

M
upto O (—1> corrections.  (B38)

FNR<x> — 1
N

x>1

We therefore take an effective thermal average F vz ~
0.5-2 for T ~ few x M.

Using Eq. (A4) the per-particle rate is

YN,R—LH 69
Ty roypy(T) = ~ T
NiR LH( ) n]e\(]ll 244«(3)7[2

= CNR|yN,I|2(Y2YIJ)IIT’

(B39)
with

j:NR

— TVR 07— 2.8) x 1074
VR = To2e (300~ | ) x

(B40)

This is directly analogous to the ¢, and ¢, factors obtained
for the top- and gauge-assisted AL = 1 scatterings.
In the aligned Casas-Ibarra limit one finds

2
Ynam M,
FNIRQLH(T) ~ 2CNR 71)12/ T.
h

(B41)

For illustration, take m,; = 0.05 eV, v, =246 GeV,
g. = 106.75, and cyg ~ 107*. Using Eq. (B41), the rate
at T~ M, is

l—‘NIR_)LH ~ O 12 CNR M 2 ml/,[ 10675 1/2
H BN Uy ANS! 0.05 eV q. ’

(B42)

independent of M; at T = M,. Thus, for yy;~1 this
channel contributes at the level I'/H ~ 0.1 near T ~ M/,
while larger Yukawas yy ; 2 3 would make it fully efficient
(I'/H = 1). For fixed M/, the ratio scales as I'/H o« M;/T

at higher temperatures, decreasing slowly for 7 > M/,
analogously to the standard AL = 1 scatterings.

a. Summary

Process hierarchy and temperature trends. For seesaw-
motivated parameters [m,; ~0.05 eV, yy; = O(1),
M, > few TeV, g, ~ 10%]:

(i) Decays/inverse decays N; <> LH:

Tpa)r _ m, (Mp,
H  471.66\/g,0]

, Ki(8)
Ky (&)

For £ < 1 (very high T), this scales as o & and is
small; as the Universe cools to &~ O(1) (T ~ M)
the ratio grows to O(10—30) and dominates
equilibration.

(i) AL =1 scatterings (top- and gauge-assisted):

(AL=1)
I1scatt ~ 2Cl mu,IMPl

H 1667 12

M, M
2 -
(Yt+92)T°<T'

They are typically O(1) at T~ M; and provide
efficient additional channels; for T > M, the ratio
decreases slowly as M, /T.

(iii) Portal scattering N;R <> L, H: at T = M;

CNR my g
~0.1-02— :
=M, (10‘4> <0.05 eV)

2
()
1

where the numerical range reflects the mild depend-
ence on g,. For yy;=0O(1) and m,; in the
experimentally favored range, the portal scattering
is subdominant compared to decays and the standard
AL =1 scatterings, but still non-negligible. For
larger Yukawas yy ; 2 3 it can become fully efficient
(T'/H = 1), further assisting SM-dark-sector ther-
mal contact.

(iv) Loop-induced scalar portal RR < HH: T'/H <« 1
throughout the parameter space of interest and can
be safely neglected for thermal contact.

Overall: As the Universe cools down to T ~ few x M,
N; decays/inverse decays become the dominant equilibra-
tion channel. AL = 1 scatterings are efficient and compa-
rable to decays around T ~ M, while N;R <> LH provides
an additional but subleading portal for yy; ~ 1, becoming
important only for larger yy ;. At T << M, all N;-mediated
reactions decouple due to Boltzmann suppression of Nj;.

Uvrorn
H

(B43)
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APPENDIX C: DECOUPLING AND FREEZE-OUT
WITH TWO TEMPERATURES (T" # T)

This appendix collects the ingredients used in the main
text to describe the decoupling of the neutrino portal and
the subsequent dark-sector freeze-out in the regime where
the SM bath and the hidden sector evolve with different
temperatures 7" # T. We adopt the notation of Appendix B:
M, denotes the heavy-neutrino masses, { = T'/T is the
dark-to-visible temperature ratio, g\'*(7T') and ¢¥5(7') are the
usual visible-sector energy and entropy relativistic d.o.f.,
with analogous definitions for the dark sector.

1. Decoupling around 7 ~ M; and entropy bookkeeping

As the temperature drops below the mass of the lightest
heavy neutrino My ;, the heavy-neutrino abundance
becomes Boltzmann suppressed and portal-mediated
energy exchange shuts off. From that moment on, the
comoving entropies of the two sectors are separately
conserved,

(C1)

svis(T)a® =const,  squui (T {u;(T") })@® = const,

where ; is the chemical potential for the particle species i.
The temperature ratio at later times is fixed by separate
entropy conservation after decoupling. Assuming full
chemical equilibrium in the dark sector at the decoupling
temperature 7. [u;(T)..) = 0], the general expression is
(see, e.g., Ref. [56])

z _ |: Svis(T) :| 1/3 |: Sdark(Tiiecv {'ui = ()}) 1/3
T Svis(Tdec) sdark(T/ = CT’ {/’ll(T,>}) '
(C2)

{(r)=

If the following two physical conditions apply: (i) the
relevant spec1es in each sector behave as a radiation bath so
that s = 2” S s sT3, and (ii) number-changing reactions are
fast enough to enforce y; =0, Eq. (C2) reduces to the
familiar result (see, e.g., Ref. [56])

-l L] ©

In typical benchmarks with m, ~O(GeV) and
M; ~ O(TeV), the ensuing ¢ lies in the ballpark { ~ 1-2
(the precise value follows from the g, ¢ evolution in the two
sectors).

2. Temperature ratio ¢ = T'/T: General expression
and benchmarks

In our secluded setup the late-time dark bath is domi-
nated by the real scalar H, (mass m H, ) and, depending on
the benchmark, possibly by a light dark gauge boson Z'.
The Dirac DM y (mass m,) is Boltzmann suppressed at

TABLE 1. Representative values of { =T'/T at T ~m, /20,
obtained by solving Eq. (C3) self-consistently with T’ = {T,
9(T)/ gV (T o) = 86.25/106.75, g4 (TY,..) = 4.5 (Dirac y +
real scalar H ), and exact scalar entropy for H,, (no light Z’ at late

times, y; = 0).

¢ for m, (GeV)

my, (GeV) 10 30 100 300 1000
1 1.296 1.238 1.236 1.236 1.236
3 1.601 1.296 1.238 1.236 1.236
10 1.872 1.639 1.296 1.238 1.236
30 1.894 1.872 1.601 1.296 1.238
100 1.895 1.894 1.872 1.639 1.296

T'~m,/20 and can be neglected in ¢%*(7’) unless
exp11c1t1y stated.

In order to estimate the value of ¢ at the epoch relevant
for DM freeze-out, T ~m,/20, we use the following
inputs:

(i) Visible sector: ¢V (Tye.) =106.75, g\ (T~m,, /20) =

86.25.

(ii) Dark sector at decoupling: g%™*(T",. ) = 4.5 (Dirac
x + real scalar H,). If a dark gauge boson Z' is
relativistic at decoupling, use g8k (7)) =7.5.

(iii) Chemical potentials: we assume efficient number
changing in the dark bath (¢; = 0) so that Eq. (C3)
applies directly. After dark chemical freeze-out
(u; > 0) one must use the general form (C2), which
typically yields a smaller { at fixed parameters.

Table I summarizes representative values of { as a
function of my, and m, in the minimal case (no light Z'

at late times), assuming y; = 0. The qualitative trends are:
(i) for fixed m,,, the heavier m Hy» the larger (; (ii) for fixed
my , the larger m,, the smaller {. Across the broad range
relevant here, { typically lies in the 1.1-1.9 band.

3. Dark freeze-out with 7" =¢T

After visible-dark decoupling, the portal remains too
feeble to reequilibrate the sectors. The dark bath stays
internally thermalized at temperature 7" = {T through fast
secluded reactions. For the Dirac dark matter particle y
(mass m,) annihilating into a lighter real scalar H,
(me <m,) via the Yukawa interaction y,yyH,, the
dominant number-changing channel is

Xy = HpHp. (C4)

We work with the visible-entropy yield Y, = n, /s,

using syis(T) = 22 ¢¥5(T)T?, and define

a5

_my My X

=" Sl C5
X 7 x! Tz (C3)
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During radiation domination, the Hubble rate receives
contributions from the radiation in both sectors,

H) - \/8”—G (0T) + Paa(T)

3
2
o5y, (D) + g (T
1.66+/g(T, T
= 1669 (T.T") 72, (C6)
Mp,

where

g (T.T') = g™(T) + g™ (T") (C7)
is the energy d.o.f. combination entering H.

The Boltzmann equation for Y, reads

dy svis(T)
T O, (W~ ()L, (CB)

with Y35 (x') = ny (T")/syis(T) and where the annihilation
rate must be evaluated at the dark temperature 7.
The thermal average cross section for the process

x¥ — H,H, that dominates the relic density is
6b(r) Vi 6
(g, &) =5 = gl Sy 5o (©9)

For a Majorana y the result is multiplied by 1/2 due to
identical initial states. The kinematic limits are S,(0) = 1
(light mediator) and S,(r) « (1 —r)!/? near threshold
(r—1).
The freeze—out condition equates the dark annihilation
rate to the visible Hubble rate,
ny (T"){ov)(T")

~ H(T), (C10)

with n,(T") ~ gx(’”g_:p/ 2¢~ in the nonrelativistic regime.
Using Eq. (C9) one obtains the standard logarithmic
solution

1
~In(Avh) —Wln(A). (CI)
with
_ cfg;(m;(MPl 4‘2 ( )
= 3/2 2
166(271’) g*H(Tf, T ) 6477.'771
m m
T,=-*% T, =—-~%. Ci12
f X ’ f x} ( )

Here ¢, = O(1) encodes the usual matching convention.
For m, ~GeV and y,, ~ 0.1-1 one finds x’; € [20, 30}, as in
the standard p-wave freeze-out.

The solution of Eq. (C8) can be written in terms of the
annihilation integral in the two—temperature case,

Top = [X’ <m}>2(x{>dx _! [i,+%] (C13)

;X Clxy xj

Using for the annihilation cross section Eq. (C9) (pure
p—wave, a = 0) we find

1 3y, S,(r)
Jor =< Cl4
T C647rm)( x}z (C14)
Defining
g8 (T
eff =024 ——————— Mplm ’ (CIS)
\ 9Ty, T
the asymptotic yield and relic density are
v — 1
= detedor”
, [g? (T, T
Q,h?~(1.05x10° GeV~! 7 . (Cle)
s(Tr) MPI JzT

Specializing to p-wave only and inserting Eq. (C14),

9/ (Tr TP o7 64mm?
gm(Tf) Mp 3)/;78[)(’.) '
(C17)

Qh? ~ (1.05 x 10° GeV~)

Inverting Eq. (C17) for the coupling,

H , 1/4
g, (T, T 2 2
—|(1.05%10°GeV-")Y T Ty)ex}  edmm .

ngs(Tf) Mp13QXh28p(r)

(C18)

A useful numerical estimate is

~O43 xf 1/2 m, 1/2 g:? —-1/4 £ 1/8
25 100 GeV 86.25 100 ’

(C19)

Therefore, a value of y, ~ O(0.1-1) is needed to reach the
observed DM relic density. We show in Fig. 6 the values of
y, for which DM achieves the observed relic density.
Equivalently, a handy heuristic for the required thermal
rate is
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Q 100:
10-14 — ¥ for Quh%=0.12
I T T T rrrrmg T T T rrrrmg T T rrrrrr
10! 107 103 10%

m, [GeV]

FIG. 6. Values of y, for which DM achieves the observed relic
density.

—-26 31 ark
o) s 2L N o(E26)] e

i.e., a hotter (colder) dark bath with { > 1 ({ < 1) requires a
smaller (larger) annihilation cross section to reproduce the
observed Qpy 2.

APPENDIX D: LOOP-INDUCED ODD
OPERATORS: 7,R(®'®) AND p;R?

For a real gauge-singlet scalar R, the most general
renormalizable scalar potential contains, in addition to
the even terms, the odd operators

Voua(®,R) = iR + 2R3 + T R(@ D),

3! 2 (b1)

where © is the SM Higgs doublet. In this section we show
that, in the absence of an R — —R selection rule, the heavy-
neutrino sector generically induces one-loop threshold cor-
rections to #77; and p3. We present (i) the relevant one-loop
topologies, (ii) compact expressions for the induced cou-
plings, and (iii) parametric/numerical estimates in the regime
My ~O(10 — 50) TeV, m, ~0.05 eV, and yy ~ O(1).

1. One-loop induced effective couplings 7; and u;

In the absence of an R — —R selection rule, the heavy-
neutrino sector generically induces at one loop the odd
operators in Eq. (D1). The corresponding topologies are
shown in Figs. 7 and 8: (i) a fermion triangle with three
RNN insertions generating the cubic p3R®, and (ii) a
mixed loop with two Higgs insertions from the Y, vertices
and one RNN insertion from Y, generating the linear
portal R(®'®).

The relevant interactions (schematically, suppressing
flavor indices) are

ot~

FIG. 7. One-loop topology generating the linear portal
R(®T®), corresponding to a threshold correction to 5. Two
Yukawa insertions Y, and one insertion Y, are required.

FIG. 8. One-loop heavy-neutrino triangle generating the cubic
R3, i.e., a threshold correction to y; (three RNN insertions).

_ . 1
L>-L®Y,N - NYyNR + He. (D2)

A one-loop tadpole term R is also induced by a single
RNN insertion; however, since p; is renormalization-
scheme dependent and can be removed by an appropriate
counterterm (equivalently, by imposing that the renormal-
ized one-point function vanishes in the chosen vacuum), we
do not treat it as an independent parameter and we neglect it
in the following.

For a single heavy Majorana neutrino with mass M and
couplings as in Eq. (D2), the one-loop threshold corrections
at a renormalization scale y can be written as

3 2
yyM M
plt = — gﬂzN {3 11175v + 2], (D3)
yvM M3
r]{L:— ZﬂzNyf (lnﬂ—év— 1), (D4)

where yy and y, denote the corresponding one-generation
limits of Yy and Y,, and y, is defined such that m% (®) =
y2(®'®) in the seesaw limit. We stress that the overall
coefficients are subject to scheme-dependent finite terms,
while the parametric dependence on yy, My, and y? is
robust.

In the basis where the heavy-neutrino mass matrix is
diagonal, M = diag(My,), the above expressions general-
ize to the schematic structures
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1 M3,
ik~ _sz;[MNi {3 1nﬂ—21 + 0(1)} ., (D5)

1
Mt o~ ReTHY My YLY,] x O(1).  (D6)
T

up to scheme-dependent finite terms and mild logarithmic

factors. The parametric dependence on Y, My, and Y ) Y,
is fixed by the diagrammatic structure.

2. Numerical estimates for My ~ O(10 - 50) TeV

It is useful to rewrite Eq. (D4) in terms of light-
neutrino masses using the seesaw scaling y2 ~
m,My/v3, with v, =246 GeV. Taking u~ My [so that
|In(M%/u?) — 1| ~O(1)], we obtain the parametric
estimate

|I11L| Ny_NmuMle
! 472 v%l

B YN m, My \?
~2x108 GeV (=2 , (D7
* © ( 1 ) (0.05 eV) (30 TeV) (D7)

i.e., nik is typically at the level of O(10 eV) for multi-
10 TeV heavy neutrinos and standard active-neutrino
masses.

In contrast, the cubic induced by Eq. (D3) is not
neutrino-mass suppressed,

3 3
iy YnMy 2 YN My
= INEN L 76 % 107 Gev (2X . (D8
3= e (1) <30TeV) (D8)

for u ~ M. Therefore, without an R — —R selection rule,
w3 is generically expected to be sizable and should be
treated as an important parameter of the scalar potential (or,
equivalently, one must specify a renormalization condition
that removes it at a given scale).

3. Phenomenological impact

The phenomenologically most relevant odd operator is
typically the linear portal R(®'®), because after electro-
weak symmetry breaking it induces a Higgs-singlet mixing
term (1,v;,/2)Rh. For mg # my, the induced mixing angle
scales as

muvp

2 =)’ o

Sim a,ﬁ ~

where the factor 1/2 follows from the mixing term
(mv,/2)Rh. Using Eq. (D7) and mp < m, gives
sina, ~ 1071 =107 for My ~20-50 TeV and yy ~ 1,
i.e., extremely small. Consequently, Higgs-mediated spin-
independent direct detection remains negligible for the
neutrino-induced n}L alone. For instance, for a scalar
mediator H, of mass my coupled to DM with Yukawa

Yy» one finds parametrically

2 .
USI N@ <meNyZ Sin a’ll)z’ (DIO)

XN 2
b4 Unmy,

which is far below experimental sensitivity for sin a, < 107~°
unless additional UV contributions enhance # .

The cubic u;R® instead primarily affects the scalar
potential and the singlet vacuum structure. In particular,
together with m% and g, it controls whether R = 0 is a
local minimum and how the singlet vacuum expectation
value (if present) is shifted. Since Eq. (D8) indicates that
uit can be O(TeV) for My ~ O(10 — 50) TeV, it can have
a non-negligible impact on the scalar spectrum and self-
interactions unless absorbed into the renormalized param-
eters by appropriate matching conditions. A complete
treatment therefore requires specifying the renormalization
conditions for the odd operators (tadpole and cubic) at the
matching scale, or equivalently treating y5 (and 7,) as UV-
sensitive parameters in addition to the irreducible even
portal computed in the main text.
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