Two Puzzles One Solutlo’n Neutrmo
Mass and Secluded B‘ark Matter |

‘a‘ Matt 'EZ E[ c UI’O S o

Cae M bﬁﬁaum aan? _ '-s _ s ;; olqtlon..Neutrlno Mass and
Secluded.Dark Mat S ' " v S War
o« M.Di Madro Yanh w O-CoNR 1 AMALL P ghadows Phenomenology of. "¢

8 : A o A R
ecluded Dark atte ..&, v SIS CHAr oS ™A cepte‘d |nP D

* ’ "l Flod RN o
-

' Istituto Nazionale di Fisica Nucleare

.'r_ R e YE r a
% - ’ Ty’ y

.
.
.

o~
r ‘



https://arxiv.org/abs/2511.19622
https://arxiv.org/abs/2510.23771

See also Giorgio Arcadi’s talk

WIMP CASE

Kong, Di Mauro Phys.Rev.D 113 (2026) 4, 043031

e \
100F R
| ‘ ) ’- ;;;;;
I
1L |
z 10 | |
é l
~< 4
LZ+2025 1
102 DARWIN I
...... ID dSphs |
| ——= Qpyh?=0.12 | Scalar Mediator,
' Vector DM
10—3 . e e . ]
100 10! 102 10-
™MpwM [G@V]

£=0(1)

Y

X

™ -

b ]
_—~
l..--l-..‘.\

DARWIN

ID dSphs

]
|
]
——= Qpyh?=0.12 |
|
!

|
i
g
:

éScalar Higgs Portal

mpm [GeV]

102

103

V

(Y

CLUDED CASE

E((i gXNO(O,l)
My > My

Pospelov, Ritz, Voloshin
Phys.Lett.B 662 (2008) 53-61



Three extensions of the standard model

T 1 1
Kinetic mixing LOXGED — mx 4Fl/“/F/lu/_|_ imQZ,Z;Z'“

LD 0,Ko'K — mK\K\z + a SOHS — —ms

Simplified model ﬁ —
h

L D —ZF’ F'Hv iF,;,,BW + (D,R)"(D*R) — V(®, R)

Higgs Portal +x (1P — mx)_ (yp xx R+ h-C-)7

V(®,R) = p5®"®+ p% R'R+ Ay (dT®)?
+ Ar(R'R)* HAgr(®'®)(R'R)|
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_Thermal history of the mediator

e decays and inverse decays, |¢ <> SM SML with ther-
mally averaged rate

ToT) =Ty .

Keeping the number density near equilibrium, ngs =~
Ngeq, additionally requires chemical processes, such as
decay/inverse decay of ¢ and annihilation into SM par-
ticles, to be faster than the Hubble rate H:

Lehem(T) = (Tp)(T) + ny (T) (ovre) pgssmsm 2 H(T)

where I' 4 is the ¢ decay width at rest;

e annihilations and inverse annihilations into SM

particles, |¢p¢p <+ SM SM |(or ¢¢' if ¢ is complex), /

with rate
Fann (T) = n(;q (T) <0Urel>¢¢—>SM SM »

where n;q is the equilibrium density of ¢;

e clastic scattering,|of <> o f L with rate

—_ €q
T) = an (T) (oVrel) s 01 The 2 — 2 elastic scattering of ¢ with the bath (e.g.
/ df <> ¢ f) maintains kinetic equilibrium provided
which maintains kinetic equilibrium but does not '
change n. Z” (OVrel) g—pf > H(T).
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Thermal equilibrium dark-sector mediator

dn n?
= +3Hny = —(0Vrel)xx—o0 Ty — n)?,eq 2¢ — (OUrel) xx—SM (ni - n)?,eq) )
at Tg.eq
dng né
dt | 3Hn¢ — +<U’Ure1>x>2—>¢¢ (ni o n)?,eq nz ) o <0Urel>¢¢—>SM (n?p — nq%,eq) — <F¢> (n¢ — n¢,eq) .
®,eq

|

Lehem(T) = (Tp)(T) + 1y (T) (ovrer) pp—smsm 2 H(T) Ca(T) = Y n$(T) (ovrel) prspr > H(T)

f
an 3H . 2 2
At Ny = <UUM¢1>T (nx nx,eq)
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Thermal equilibrium of the dark-sector mediator
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Model I (Dirac dark matter and an extra U(1)x)
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Connecting Neutrino mass and Dark Matter ‘invisibility’

* |s there a theoretical reason why e<<1?
 Another quantity in the SM model is extremely small and we do not know why:
The neutrino mass that is 10-7 times lighter than the electron mass.

Lo —iF,;,,F’W _ % F',B* +8,R0"R—V(®,R) + X (i — my)x — (yp xR+ Y2 L, &N, + 1Y RNFN, + h.c.),
_|_
V(®,R) = p3®'® + % R® + Ar(310)’ . ( f,fHGo) o Ut
T h y T y
+ ApR*+ k(®1®)R2. NG V2
HY\ [ cosa sina) [(h
H,)] \—sina cosa/ \p
m . = . _
‘CH,Hp—ff = — ; v—; (cosaH - smaHp) ff LH Hyx = \y/% (smaH-i—cosaHp) XX

3
M
EH,HP—NN = — Z 2vI (sinaH—l—cosaHp) NN
=1 "
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mp = iU, v/, O\/ My, 0TO=1 o (mpmp)11 —m, =

M
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Tferm (Hp)
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e As the temperature drops below MN,| its abundance
becomes Boltzmann suppressed and portal-mediated energy
exchange shuts off.

e From that moment on, the comoving entropies of the two
sectors are separately conserved

- vis 11/3 r _dar 11/3
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Direct, indirect, and collider searches are pushing standard WIMP models into increasingly

small regions of parameter space.

e In particular, scenarios where the same couplings govern both the relic density and direct-
detection signals are now strongly constrained.

Secluded DM models offer an elegant alternative, since the thermal history is decoupled

from laboratory signatures.

In these models, the relic abundance is set by interactions with a mediator that was In

thermal equilibrium with the SM in the early Universe, while the portal to the visible sector

remains very small.

Such tiny couplings — or even a vanishing tree-level portal — can naturally arise in

sequestered setups or through an appropriate symmetry.

The portal then appears only at loop level, and heavy neutrinos above the TeV scale

can simultaneously explain the smallness of neutrino masses and the invisibility of

DM in laboratory searches.
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Dark Matter simplified Models

m £ —
LX, = & Ay X3S + €N 282+ng L7fS,
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Higgs Portal models

Ly = 3(0uX)" = 31X = X’ = 3 H'H,
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(i) Decays and inverse decays (with violation of lepton number AL = 1):

N; < Lo,H, N; < L. H'. (B3)

These control the production and destruction of heavy neutrinos Ny and are the leading neutrino—portal processes
in the relativistic and mildly non-relativistic regimes.

(ii) AL =1 Yukawa—mediated scatterings with one Y,, and one SM coupling, e.g.
N;L, < Qst, L,A < NiH, (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(Y,2g?) processes and efficiently contribute to keeping N; in kinetic and chemical
contact with the SM plasma for T' 2 Mj.

(iii) AL = 2 scatterings induced by virtual Ny, such as
LoH < LgH', L.Ls < HH, (B5)

which encode lepton—number violation and are relevant for washout and for the low-energy Weinberg operator
once N; are integrated out. These processes are relevant only at very high temperatures (7' 2 102 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.
NiN; < R, NiR < L.H, RR < HH, (B6)

and, via the R—y coupling, reactions that transfer energy and number between x 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.
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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,

svis(T') a® = const,

T, i Svis (T)

sdark(T' L (T )}) a” = const, (C1)

where u; is the chemical potential for the particle species 7. 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 77.. (#i(T3..) = 0), the general expression is (see, e.g., [56])

T  Svis (Tdec) _

11/3

Sdark (Tclieca {,U'z:O})

11/3

| Sdark (T,

= (T, {/Li (T,)}) _

(C2)

If the following two physical conditions apply: (i) the relevant species in each sector behave as a radiation bath so

that s = 2’” g*sT3, and (ii) number—changing reactions are fast enough to enforce u; = 0, Eq. (C2) reduces to the

familiar result (see e.g. [56])

V1S

()

() = |22

91‘5 (TdeC) i

1/3 r dark( ! )‘
ec

9«s

dark
g*S

(17)

1/3

(C3)

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,g evolution in the two sectors).
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After visible-dark decoupling, the portal remains too feeble to re—equilibrate the sectors. The dark bath stays
internally thermalized at temperature 77 = (T through fast secluded reactions. For the Dirac dark matter particle x
(mass m, ) annihilating into a lighter real scalar H, (mg, < m,) via the Yukawa interaction y,xxHp, the dominant

number—changing channel is

XX — HpHp. (C4)

We work with the visible-entropy yield Y, = n, /syis, using syis(T') = % gvs(T) T?, and define

m m, T
T = TX’ — Ti‘ = (C5)

During radiation domination, the Hubble rate receives contributions from the radiation in both sectors,

81G r T? 1 . /2 1.66 /g2 (T, T")
H(T) = \/_ vis T) + A T) = [ ZIS T) + iiark Tl 4] — * y TZ,
(1) =\ T (Pvis() + paank (1) = sy [08°(T) + g(T') € T
The Boltzmann equation for Y, reads )
dYX _ ’SViS(T) / 2 eq [ ./\\2
d = o Hm o @) [V - (@), (C8)

with Y29(z") = n$3(T")/svis(T') and where the annihilation rate must be evaluated at the dark temperature 7"

1/2 vis \ —1/4 1/8 —26 31 dark
y ~ 0.43 7y ( M )1/2 Ix5 9. (OV)req o AL S [1+0 (g*vis C““)]
P 25 100 GeV 86.25 100 q g3
19




 The scalar portal (and similarly the abelian kinetic mixing) is gauge invariant and is
therefore generically present in a 4D renormalizable EFT unless it is forbidden by
additional UV structure.

* |n our framework we impose the boundary condition.

(B D) R K(A) =0

dk

Br(p) = dng k() F(AH AR, YUps Giy - - -),s

e Sequestered 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.

* Discrete symmetry: A complementary (and often orthogonal) protection is a
discrete symmetry in the dark sector that forbids the portal at tree level.

M. DI Mauro. arXiv:2511.19622 20
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a. WIMP-like regime (m, < mpg,). The WIMP
regime applies for m, < mg  with y, ~ O(0.1-1) and a
sizable scalar mixing sina ~ (J(0.1). In this case, anni-
hilation into SM states is eflicient because the dominant

channels are yx — ff via s-channel exchange of H and
H,,

(ov) s5 ox Y2 (sina cos o) 2 (27)
so the same portal that controls annihilation also controls
interactions with nuclei. For weak-scale masses, values of
yp ~ 0.1-1 can readily reproduce the observed relic den-
sity through thermal freeze-out. However, because the SI
scattering amplitude is also proportional to the Higgs—
singlet mixing, this region is strongly constrained by di-
rect detection. A well-known exception occurs near the
resonant regime, m, ~ mg, /2 (or my, ~ mg/2), where
annihilation is enhanced and the required couplings can
be reduced [26], at the price of some mass tuning.

_Secluded vs WIMP

21

Secluded regzme (m > mpg, ) In the secluded
case, valid for m, > mpg, with moderately small y, ~
O(0.1) and sina <K 1, the relic abundance is set pri-
marily by annihilations into dark-sector states, most im-
portantly xx — Hp,H, through t/u-channel y exchange.
For a Dirac fermion with a scalar Yukawa interaction,
this channel is p-wave suppressed, so parametrically

yf, - (1—r+ﬁ) ’

64mm? (1- %)4 g )

avrel( x—)HH)

(28)
where r = m%{p /m? 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 @(0.1), whereas today in the Galactic halo vZ; ~
10~%, so late-time annihilation signals are further sup-
pressed 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 t-channel

exchange of H or H, and scales as (see Sec. VII)

oSN < yocos” asin® o< y2(tan 2a)2, (29)

so in the secluded regime the nuclear cross section is nat-
urally suppressed by sin”® a. Likewise, annihilation into
SM fermions (Eq. 27) becomes negligible for sina < 1,
strongly weakening indirect-detection signatures associ-
ated with SM final states. For y, ~ O(0.1-1), the pro-
cess xXx — H,H, can nonetheless yield Qpyh? ~ 0.12
(see Sec. VI).



