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The standard model of particle physics 1/18
The Standard Model (SM) is GOOD, but ------
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Heavy Neutral Leptons
(HNLS)

Model setup

NN —xX
DM production

Origin of tiny
neutrino mass

Dark Matter Neutrino



Particle content HNLs 3/18
€Rj by H NR; Sr; ¢
SU(2); 1 2 2 1 1 1
global Uy —1 —1/2 1/2 0 0 0
lepton # U(1); 1 1 0 1 2 1
symmetry gnip 1/2 1/2 0 1/2 1/2 0

Yukawa sector

Ly =~ (Yp)Br;HNrr = (Yn) ;51 Nrx 0

1 C
U(T1)_L explicit breaking term



Scalar potential 4/18
V = — suplH|? = 5u3l0l° + 3AH|®
+ %)\qb ¢‘4+>‘h¢‘H|2|¢|2 \}5’@}{@(@

U(1) L explicit breaking term

Scalar mass spectrum ), 5 () (enhanced Poincaré symmetry)
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Scalar interactions 5/18

Y D %A(bv(b ,03 + %)\qﬁvqﬁ PX2 = i)‘qﬁ /02X2
® accidental Zz symmetry: p — p , X — —X
(C-symmetry: ¢ — ¢™)
Decaying pNGB DM

breaks C-symmetry

m,, °
o'y 4, X (U—) (long-lived DM)
¢




Neutrino mass (inverse seesaw mechanism) 6/18

e fermion mass mixing matrix (one generation)

[0 mp 0 )
Mf p— mD O mN mD — %YDvh : mN — %YNUQS

\O my :LLS/

e unitary mixing matrix

- flavor basis
1—¢€2/2 i€/V2 €/V2 § = mD /Vl\ (VL\
U~ | tw  —i/V2 1/V2 o N, | =ul Ng
—¢& N2 1V2) WS M \ N2/ \ Sz /

mass eigenstates



Neutrino mass (inverse seesaw mechanism) 7/18

— < 1, T 1 c
® neutrino mass eigenvalue (one generation)
2
mp
My s (g K mp < my) (H)  (9) () (H)

H
R
N R
R
R

() () e
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e DM-HNL interactions

my,
Ly D i—2 U, v vy X

Vg

m N
2V

¢ k=12

Majorana fermion : vy = vV +v° Ny = N+ Ng



Lifetime of dark matter 8/18

e pNGB DM mainly decays into a pair of neutrinos m, > m,,

2

my,

X XTPMMm 4772); X

e This width is remarkably small due to the tiny neutrino mass
and a large symmetry-breaking scale, e.g.,

2 U — 2
~ 1 23 ml/ mX ¢
T = 10 Sec(mev) (1GeV) (1013Ge\/>

which satisfies the experimental lower bound on DM lifetime
from Super-Kamiokande.




Lower bound on DM lifetime 9/18
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Freeze-in production of pNGB DM 11/18

e DM can be produced non-thermally from the Higgs boson
and HNLs via the freeze-in mechanism.

e HNLs can reach thermal equilibrium with the SM plasma
through a sizable Y, and T'; > m,; (IR freeze-in).

(enhanced Poincaré sym.)
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Boltzmann eguation 12/18

® We assume A, , — 0 and M, > My > My

On, AgmiT? [ ZSZ Kl( )

_ 2 2\1/2 _ _
Za,_(z _4xa)/ xa_ma/T /Yp_rp/T

reaction rate N

e In terms of comoving number density Y, = n, /s
oY,  135v10 mP1x4RNN—>XX(x)
br 213, (x)y/g. (@) m]

r=m, /T  H=+/m2g,(T)/90(T?/mp)) s=2n2g,,(T)T°/45




Evolution of DM number density 13/18

(My s My, mp,v,) = (1,10%,10%,8 X 10'%) GeV

Reaction rate (GeV4)




Sub-GeV DM
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Collider-accessible TeV-scale HNLs

15/18
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Collider-accessible TeV-scale HNLs 16/18
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Collider-accessible TeV-scale HNLs 17/18
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HNL is detectable
by colliders @

LHC/uTRISTAN etc.

Summary

Inverse seesaw + pNGB DM
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Enhanced Poincaré symmetry

e In the A, — 0 limit, one can perform independent Poincaré
transformation that leave the actions separately invariant.

S = /d4x {EH(x) + Ly () —|—£H¢(:1:)]

Ay o —0
Y S = /d4513[,H(:13) —I—/d4a:’£¢(:1;’)
. ) . Hé he 70 H o
e Poincaré sym. is enhanced : G5 »Op Gp

e Smallness of Apy is technically natural due to this enhanced
Poincaré symmetry ('t Hooft naturalness).



Analytical solution for Boltzmann eguation 16

Ty

e Using the narrow width approximation i e 220G )

RNN—>XX ~ 167302 Ki(%p) Bposxx

e Integrating the Boltzmann eq. from x =0 to x = o©

Yo (2. ) ~ 40510  mA; mp,
TN 2(2m)5 gusy/GhvEM,

_1 "2

Qb

Vo ~ 4.4 x 1010 ( 7*DM DM
DM 8 (GeV 0.12

e DM Relic abundance

2 _1 _o
0, 52 ~ 0.12( X My Mp o
1 GeV 103 GeV 104 GeV 6 x 1012 GeV




(my,my,Ts) = (1,10°,10'°) GeV
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