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Origin of flavors

Three copies of fermions: the same gauge quantum #’s,
but, how come different masses and flavor mixings?
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Origin of dark matter
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Radiative neutrino masses

Seesaw mechanism with right-handed neutrinos:

L VIC% 2 .2
0 L YNV
Y ynv Mpy My

el Neutrino masses at tree level:

heavy RH neutrinos for yn=0O(1).

[P. Minkowski, 1977; T. Yanagida, 1979;
Gell-Mann et al, 1979; R. N. Mohapatra et al, 1980]

Mixing with RH neutrinos

Seesaw mechanism at loops:

(H) (H{) o YNV My,
)‘5 © o 16m My, M, (£ Ma, 2008
Hz',""“\‘Hz Loop-suppressed neutrino masses.
—_— e Either Nr or neutral Hj : dark matter

[Review: Y. Cai et al,1706.08524]



Seesaw for leptons

Seesaw mechanism for neutrinos:

vy,  Up
2,2
0 v my| =2 < M
— — N
o= (e Bie ) M=

Approximate L # conservation === Small neutrino masses

Seesaw mechanism for charged leptons with VLL:

[ E [HML, |.-S. Song, K.Yamashita, 2021, 2022]
0 mr, = Ygvs ) mrmpg
M = ( _ mip| = < Mpg
MR = AEV4 Mg ‘ ‘ ME

U(1)’ breaking at weak scale === Small charged lepton masses

Small bare lepton mass from flavor symmetry
wel> shifted seesaw mass: —m; — mg — my



Z4symmetry for neutrino
masses and dark matter



Models with discrete Z4

Scalar sector:

Extra doublet Hy + complex singlet S + spurion ¢

Fermion sector: Three right-handed neutrinos Ngr
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[J. Kim et al, 2407.13595]

Z4 symmetry —» %((HIHQ)QJF(H._IHI)Q) forbidden.

Neutrino masses vanish for unbroken Z4.

(p) #0 — Z4is broken to Z> :

Neutrino masses and stability for dark matter.



Models with discrete Z4

Z4 invariant Lagrangian:

1717 r 1 AT AT
£,, = —le QJ\'R — 3)\]\,'(,"} i\';}i\'n + h.c.

(p) # (0 =P Mpy, = Anv, : RH neutrino masses

Mixing between S and neutral components of H:

T V2kSTH]Hy + Ng o' SH{ Hy + V219! S? + hec.

(H1) # 0, (Hz2) = 0,{p) # 0
—» General mixed dark matter of singlet and doublet.

o1 ot , 5y o , .Kim et al, 2025
—Lo = mdISP+xslSI' + mElpl® + Al . !

£y [/\11‘-5 (HIH:) |SP + An (HIH;) |¢|‘2] + AsglSPlel?

“JHDM Higgs-portal”




Neutrino masses

Decoupled singlet S and neutrino masses at loops:

(HT) (HT) (HY) (HY)

. Y4
\ S / . ’
‘7\/(//4—\\%’ sss '&'
.H2 KJ/ IL/\'/\\ .H2 ////‘.- ~
o« > H2{’ )\5,eﬂ: H,
Il \\ q '/
Vv —— o = < vV ——! —X— L <+— UV
N N

: 2mz(k® + k)  4kk'
Integrating out S above v, leads to  Asp = —— _

: 2
mg myg

! A
W = SN v 2] = \2lulu, < ms s K| ~ms = [As o < 1

2 9 9 [J. Kim et al, 2024]
A5 e YprU n My,

167T2MNR m%b

Neutrino masses: m,, ~

Either Nr or neutral H; can be light enough
without small parameters.




Inert doublet scalar masses

In the decoupling limit of the singlet S:
myg, S My, lightest neutral scalar in Hy — dark matter

cf. mmu, 2 My, RH neutrino DM [A.lbarra etal,2016]

. . . H+
Mass spectrum within Hy:  #, = (%(HOHAO))

. . 1 .

) A )
M+ = M5 + =A3v7, -
H= 2 T 9B TH [R. Barbieri et al, 2006;

: 9 1 : L. Lopez Honorez et al, 2006]

2 2 g \ ‘2 . ’
My, = My + = (AL + As eff) Vi »
. . 1 .
) ) . . y
m3, = m3 + = (AL — As.eir) v AL

—

A:; + /\ 1

Aseff > 0: Ag dark matter, Xsesx <0: Hp dark matter,

DM direct detection

: > 100 keV
with Z boson exchange

5.offV
— | A = mpy, — Ma, :——‘L

)mc

: sizable mass splitting



Neutrino mass vs DD
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My [GeV] [J. Kim et al, 2024] mg [GeV]
Lightest RH neutrino Heavy singlet scalar mass
Heaviest neutrino mass Direct detection(DD) |A| 2 100 keV

fixedto m, = 0.1eV

. Perturbativity  |A\s.en| <1
Smaller Yukawa couplings

. => ~ |5
=> smaller RH neutrino masses ms ~ up to 101> GeV



Inert double-like DM

165 M,,=M,: =M, +1 GeV
| DM-nucleus cross section:
107 Excluded by LUX 100 with 85.3 Iive—days_

2

mk &7‘// oS = Aisin(Zfp + (A= Z)fn)” ( ca - Sa
10 D : 4 4Fm.3‘0.42 ‘mil 772%‘2

7o) - Excluded . L
ﬁﬂ- 1020 E(C iie:lzy LRP r\ — e ———— e
© 10m| o " 4 ‘W .
N P Standard annihilation channels:
Lo - i:z::}? A3a5 = ALs = Az + Ay — [As] ]
Mg =—0.01 r
| 2 e W\ - AgAg — ff,WW,ZZ, hh
s | — LUX l
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[A. Belyaev et al, 1612.00512] Ao, SM Ao, / W/Z/h

AL5=0.01 o V¢=104Gevl mp=80GeV " -------- '¢'\
A=10MeV, my-=my+1GeV R o
o | Ag - sM Ao W/Z/h
[ (13 . . . o« e ')
105 vanishing Higgs mixing

New ann. channels into dark scalars:

AoAo = oo Ao ™ % Kim et al, 2024, 2025]

103 s }/7\&1 ¢=0.01
10—4 é . o ! . -
105E " A, =0.03 Ag SN2

L PO S T T S | 1 I T T T W W |
10 102 103

m(GeV)  [J.Kim etal,2024] Extended to higher DM masses.



Thermal leptogenesis

RH neutrinos are once in thermal equilibrium.
Assume hierarchical masses for RH neutrinos.

Decays of the lightest RH neutrino:

B-L asymmetry => baryon-to-photon ratio: 7z = —C=;k,

: i 2 i (KOK
Efﬁqency factor: mi(K)) = TAYE (1 —e 1“3(1“)"’) [W. Buchmuller et al, 2004]

K, =T:/H(z = 1) (decay parameter), 28 = Mn1/TB (Completion of baryon
asymmetry generation)

: 3 . |
CP asymmetry: « < Doort? Sa(mn —mu)MN | &= (b [L(?IO)_L(miD)D_I
Baryon asymmetry without washout: Loop functions

1 [T. Hugle et al, 2018]
¢ —10 ""IN,I 10— my,
nB = 3.8 x 10 (104 Ce\,r) (/\S,eff) (01 e\r), my . heaviest o/ Mmass




Thermal leptogenesis

my=500GeV, m,=0.05eV

109;;V ' Wash-out processes:
i /,,/ /,/ o ;,';; IH, + I[H, , Il + H,H> (lepton asymmetry)
8 P —_— .
I (\f H,H, ++ H,H, (annihilation of asymmetry in H>)
iz [J. D. Clarke et al, 2015; T. Hugle et al, 2018]
“ \\\\ /.
e S Modified efficiency factor:
/’ ',' \\é
I/ .I.,o' Kitot — R) exp(_ L::; dzA“')7 AW = FALz?./Hzl

»
-
-~
—_
.

i sl INefficient AL=2 process: [ dzAW <1
106 10° 10* 103 102 10" 1 ZB

As eff —_— My, = 10¢GeV, mp = 0.05eV
Purple region allowed. Aeag > 1.7 x 10

Observed baryon asymmetry can be explained
even for relatively light RH neutrino.




Lepton portals for
charged lepton masses
and dark matter



U(l)" lepton portals

SU(2)-singlet vector-like Iepton + Iocal U(I)

q, up dp lp ep H : H' EL Ep ; ¢

u@ayjo o 0 0 0 0 §+2 5—2 —2 -2 |

Liermions = ) i¥iy*DyuVi — yaGrdrH — yururH —ylLegH
i=SM,E
—MEEE XE(f),ELeR—\E[LER‘H ‘-I—hC

mrmpg
. mo my ~
_ mp, >~ m
Lepton masses: M, (mR ME) - 772/, S Y
mo = %y/w, mp = AEVy, mp = \%_\’Evg ml2 ~ ME
Lepton mixings < »  Seesaw masses
IMp 1 MLMR mi,
SlIl2HR’L ~ M l1 M y LYVR M

e.g.muon seesaw: Mg ~1TeV —— 60 ~ 1074



Muon g-2

Mgz=1000GeV, m,=500GeV, sinB=0.18 Mg=1000GeV
sinBz=0.011, sind;=0.010 sinBr=0.011, sin6,=0.010
u Z/ u :l I LI | LI R LR | LI ""”l:
e
E E : ]
g 107
g9z f ]
107"%¢ 102 £
10—“5 10'3-1 L 1 sl Ll L ......l;
- 100 200 300 400 500 1 1 10° 1o
valGeV] mz[GeV]
[ HML, K.Yamashita, 2022]
g2, Mgm
Extra scalars decoupled; ooz, (v —¢<4), Mg >mg,
Z'-VL loops dominant! S=\ gt
- OOpSsS dominant. 2 “(cy, —c3), my, K Mp < my
ZI
S . 2 m2
ecesaw mMmuon mass. * Ag. ~ 9z,
no— 4 2072
& — % ~ 40105 ~ = Tz
vV —tA — FLYR — Jr,

almost independent of VLL mass.



VWW-boson mass

Weak gauge boson masses modified at tree level and loops:

u, E B, 7'

WQWW w3 «N%fmzwvwi w3
: (H')(H"‘) <H’>(H’*>

c?
AMyy ~ §MW - Ap, Ap=Apr+Apu

2 2
‘w T Sw
Vector-like leptons in loops Z-Z’ mass mixing
o L, [ME m ) Apy = -‘[12; coa’ ¢ —1
APL = fgra g S0 0| 35 — gz — (05" 0)04(26, 2) M3 cos? bw
o) 1{2 168;‘ H 7;\112” sin* B, my > My,
Apy = 5 sin® 0 Apy =~ v
167ss, ¢y M2 16s3,92, . 4
W=w ——z - sin" B, my L Mj.
7
. (V)
[HML, K.Yamashita, 2022] sin = i [L. Bian, HML, C.B. Park, 20177

well-  Z-Z’ mixing dominates W-boson mass corrections.



VWW-boson mass

Mg=1000GeV, sin6;=0.010

Ve=150GeV, mz=500GeV
120 _l . .. .. .. | . .. .. .. | . .. .. . | . .. .. . 1

100+ -
I CDFII )

sing

[HML, K.Yamashita, 2022]

é [ I
60r .
= !
=
4 L
40+ PDG
20r
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Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036

ATLAS

arXiv:2403.15085

CMS

This work

CMS

mvlv in MeIV

| 80353 +6
80376 + 33 >
80375 + 23 —_—
80433.5+9.4 —
80354 + 32 —o—
80366.5 + 15.9 —_—
80360.2 + 9.9 i

1 | 1 I 1 | . I
80300 80350 80400 80450

mw (MeV)

[CMS, 2412.13872]

i (%)
— 2 >0.18(0.92 for mz = 500(1000) GeV
CDFIl =l sin 3 . > 0.18(0.20) Z (1000)

/-7’ mixing, tan2( ~ —

2
SW4az’ MZ

sin® f3

wel= Extra Z’ couplings to SM fermions including quarks.



Precision bounds on Z’

(v — ar)’

Z-boson width:

'z = 2.4952 4+ 0.0023 GeV

BR(Z — pp)
BR(Z — eé€)
BR(Z — 77
BR(Z — eé

[(Z — pp) =

= 1.0009 = 0.0028,

)) = 1.0019 = 0.0032.

(v; 4 a; cos 201)? +

lept

Measurement of effective sin” 0.2

sin? 0.P* = 0.23154 = 0.00004
sin? 9.7 = 0.23153 + 0.00016
sin? ' = 0.23098 + 0.00026

Anti-correlation with VWV boson mass:

Cw—sw

[SM.
[LEP
[SLD:

P = —0.00043 [CDFII]

(v + @)% + (v — ay)?

wel  sinf, < 0.114(0.162)
sl sin 0, < 0.030(0.047)

Apr — AMy < 7.04(17.3) MeV

['(Z — pp)sm

loop effects are limited

. .0b
LEP + SLD: Ajy

SLD: A,
CDF 2 TeV

D0 2 TeV
ATLAS 7 TeV
LHCD 748 TeV
CMS 8 TeV
ATLAS 8 TeV

Profiminary

CMS 13 TeV
Profminary

0239

1
0.23

1 1 1 1 1 1

0.231 0232 0233  0.234
- 2nl
sin Geﬁ

0.23221+ 0.00029

0.23098 + 0.00026

0.23221+ 0.00046

0.23095 + 0.00040

0.23080+ 0.00120

0.23142 + 0.00106

0.23101+ 0.00053

0.23140 + 0.00036

0.23157 = 0.00031

wsl> Consistent with LEP at 2.50 and world average at |.20



Vector-like leptons at LHC

Production of Vector-like lepton: Decay branching ratios:
e | 10—3£.|...|...|...|...
PP P TP LM e : 1 92=0.5, Or =6, = \/m, /Mg
VE =13 TeV - ] Mz =my =200 [GeV]
— ' s 1&h=1
. —— Ppp—EE [ 3 ]
0 - pp-y EE | =107
o ot :
a pp—»Z' =EF | ]
v 1072 - - 0 =TT T T
S 100 L
D g 107t % X
i 107 I
2 8 107
v & 102 ] 2w
1074 - < ;
v 107
&
= 1073 .
10-*¢ +-—-r-r-rrrrrrrrrrrrrrrrrrrrrrrrrr1r T (U] 10—6_: ——
100 200 300 400 500 600 700 800 900 1000 / PH —
Me [GeV] 11 e s S MEm——

[HML, J.-S. Song K.Yamashita, 2021]

E—-Z'u forlight 27+ 27— up
“multi-leptons”

E2ZU,WV “>2jets + leptons”

Drell-Yann, mostly SU(2) singlet
Otot™ | fb for Mg z 600 GeV



Z’ at LHC

Zero gauge kinetic mixing, Lyin = —5 sinéZ;,, B" =0

ws» dimuons at LEP (or muon colliders)

’ Evades LEP bound for small mixing
P with electron or mz>100GeV.

muon couplings testable at muon colliders.

w=»> dimuon resonances/tails at LHC  [HML K.Yamashita, 2022]

do’(pp-»////)/da'(pp-» e)s (l3TeV)2

qq _) Z, —) ll— DY Suppressed by 12; (4]"\) (Q wo ,(z L,
sin'¢~ 10701079 i o Gireotinin
'\ 1.0
Cu Sos

mz 2 1TeV, Lo = v.f (uy* ur)(epyter),

2 . 0 7 .....................................

_ v eSC 2 4 < 3 500 1000 1500 2000 2500 3000 3500 4000
CuL N 777,Z (28“ CWw ) (1 B QS‘V)(]- B §SW') 10 m ¢+ - [GeV]

~(30 TeV)2(0, 02 0y )Ly Y, 0°Ly)

consistent with dimuon high pt-tails, [Cu,| <107  [A Greljo,2017]



0,4 % B [fb]

107'E

1072 -

Z’ at LHC

Nonzero gauge kinetic mixing — dimuons at LEP and LHC

or QR

| I‘,i ] I ] ] ] ] I | 1 ] ] I | ] ] ] I 1 ] 1
" ATLAS
s=13TeV, 139" =

B 1 1 1 l 1 1 1 1 l L1 1 1 l 1 L1 1 I 1 L1 1 I 1 - 1 ]
1000 2000 3000 4000 5000 6000
m, [GeV]

Light vector-like lepton:
BR(Z'— uM)/BR(Z' = EN)~ 0 ~ 1077

Heavy vector-like lepton:
' UMY dominant cf.E—Z'u

Otot (PP — Z' — pifi)
— 75.3pb(sin? &) BR(Z' — uji)

@y/s = 13 TeV (LHC)

* Sinf 5 0012, mz z 250 GeV
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Limits from LHC

Vector-like leptons (coupled to tau)

138 b (13 TeV) 138 b (13 TeV)
EIIIIIllllIlIlllIIllllIlIIIIIIIIIIIIIIIIIIIIIIIIIE 3 E' ! | ! ! ! I ! ! ! I J ! I | T ' R I I T J |§ 3 EI | T T T l T T T | g
- CMS 1 £ [CMS : S [ ATLAS i
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- 3 5 = < c =
E o(t'r) E N —— o(tht'+v'v'+tv) ] :: ~ \9/5L<!; %CI)_Ublet Model — Theory (NLO) -
10 __ 10 = » N p 1099w 0L Expected Limit =
3 95% CL upper limits 3 e 95% CL upper limits E _‘; a - Expected +10 ]
F —— Observed ] 1 —* Observed . Yook Expected + 2 o
1 . T Median expected E 1 =4 N\ Median expected E é__ § —_ Observed T_imit g
= I 68% expected 3 - I 68% expected : B el ]
10 ;_ 95% expected _; 101 95% expected . | 10 ? _g
E E ; : 102 .
0% g E 10% & | E - :
: E S : 10k '
10_3 E_ —§ 10-3 E_ { _§ E
:||||1||l||1||1||||||||||||||||||||||| ||||||l||: :. 111J| T T T . 10_4=r| PR RN TN NN TN NN NN SN NS WA N AN SR N
100 200 300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200 200 400 600 800 1000 1200
m,, (GeV) m, (GeV) M, [GeV]
° ’ °
Dimuon for Z’ at LHC Vector-like leptons ,
. B(E=Z'l)
SRtlght
:6' I | 1 T I 1 I T 1 1 1 I 1 T 1 T : 1600 bveto 10
9 ';' ATLAS .
Z x 10} /S=13TeV, 139 0" = 1400 -
e X 3 0.8
: 1200 [J. Kawamura, S. Raby,
1 -
= — 0.6
I 2104.04461]
10" - S 800
i 600 A — ILL
102 -.—.- Expectad limit at I'/m = 6% ---- Z', model _§ 0.2 >
==IM=12% ==—IM=05% — 2, model - 400
1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 i 1 ] mE N 1 Te-v
1000 2000 3000 4000 5000 6000
200 T T T 0.0
m, [GeV] 500 750 1000 1250 1500

mg [GeV]



Lepton flavor violation

Simultaneous couplings of vector-like leptons to all SM leptons.
== Flavor violating decays of leptons

o BREoe) = gt () (@) + @
BR(r ) = - 2 (308 (a2 + )
BR( > e7) = 7, - 20 (L8 (030 + @307
Seesaw mass for muon: Lepton g-2:
0 = 0p = V/m,/Mg. Aar ~ gz Mpmu(0,0%)/m3
Bounds on LFV decays: [HML, ].-S. Song K.Yamashita, 2021]

05 = 05 < 2(3) x 107*y/m./Mg
o 07 = 67 < 0.04(0.08)\/m, /Mg

cf. seesaw relations: ¢ ~ vm. /Mg, 0= m /Mg

BR(p —ey) < 42x107",
BR(T = puy) < 4.4x107°,
BR(T - ey) < 3.3x107%

Extra vector-like leptons sesfj-|S€€SaW masses for all SM leptons
are compatible with LFV decays.




SU(2) lepton portals

(SU(Q)D \ Vector-like leptons @(% < SU(2), x U(D\y
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~ 1= “F e
Dark Higgs H' = (Hs, H») “\e ) "

_ ®p ) bi-doublet . Y

[S.-S. Kim, HML, A. Menkara, K.Yamashita, 2022]
U(l)" extended to SU(2) + doublet Vector-like leptons.

-
-
-
-
-
-
-
------------

Seesaw lepton masses via dark Higgs + bi-doublets
,C D) —.‘\[15‘1"1’ — AI:'-\I,L-(I)I)ER — y;z-,l_,‘_H'\IlR + h.c.
Z) parity: Z, = ¢™(GHY) | G U(1)g global

v+ —— Stability for vector dark matter



Unification with dark matter

Seesaw leptons Muon g-2| "~ » L
'u EE E 'LL E E E' E'

H  ®p

[T

m Vector-like leptons 302 Mem,
HLHR ~ —F < > Aau ~ ID E2 a HLHR
Mg 64m2ms,,
W-boson mass Dark matter
| 2, Z — VY mixing 1 M2 N
~ _ mMmyo —My+ =~ —
AMyy >~ 2MW (C%/V — S%V) App < > vV V Mo PH
0 VT Ve .
73 A o T3 oY quasi-degenerate
& W DM masses

(H') (HY (H) (Y T



Dark matter and VV-boson mass

vp=300GeV, ms=800GeV

ms=1.5TeV, vp=300GeV

10 1:1 T T T T LI R | [:
i XENON1T |
1} ] — XENON1T |
- my,=140GeV i
RSN 2
& “ »n -
G
10_1 - . \\\ - PDG
™ N 3 10-1 | -
. i Higgs-singlet mixing:
mv=5ooeev\\ ! sin > — 77— sin* f ]
O T P T AT N Tl 10° 10°
o 0 = (771‘,»'0 — 771V+)/ my + mv[GeV]
[S.-S. Kim, HML, A. Menkara, K.Yamashita, 2022] - ”
v+ % T V*l (‘VU
Forbidden annihilations for freeze-out e o
Indirect signal at CMB/galaxies suppressed| " oov e v
. .. . . . : v . e vE G v
Aligned limit for Higgs mixing, sinfh~ —_— sin®j o e
h X
| h
Destructive interference for direct detection N, T,




Unification with dark matter

Mg=1TeV, sin;=0.010 Mg=1TeV, my=500GeV, my=800GeV
vp=300GeV, my=500GeV sinB=0.25, sin6g=0.011(0.033), sin6,=0.010

120:""'l o ' P """-_
. |Muon g-2
100+ . 108
- CDFII l 2 2
80} \ Aa, ~ ngm“
| " 64m2m2, 107
60f ] Aay, E
: I Weak-scale SU(2) DM
40r  PDG ' 0=k E
ol / Myw _ syghm%sin’ 8 - [S.-S. Kim, HML, A. Menkara,
| | My 293 0 10"t K.Yamashita, 2022]
O o300 300" 400" 500" 600" 700" 00
000 005 010 015 020 025 030 W b
sinB -DOSON MaASS vp[GeV]

ms=1.5TeV, vp=300GeV vp=300GeV, ms=800GeV

XENON1T

Quasi-degenerate
- SU(2) DM

XENON1T

- my,=140GeV
-------------------------------- Lk _
- GD i \\\ ,)2 |
Qom=0.12
s Dark matter B e
107 . . : g ]
- Higgs-singlet mixing: ) n 0v -0 ;
sin @, ~ — \/%’vD sin? ] V V —> V V - my=500GeV N\

C 1 1 1 1 1 [ B I -2 IR TE T RN R \\ TRRTTT R TTT| . NI

162 163 %% 10® 10® 107 10° 10° 10

my[GeV] 6



Conclusions

Z4discrete symmetry ensures small neutrino masses
and dark matter stability in radiative seesaw models.

After Z4 is broken down to Z3, dark scalar ¢
provides extra annihilation channels for inert
doublet DM, opening up a window for heavy DM.

Small charged lepton masses can be obtained by
seesaw mechanism with vector-like leptons and extra
U(l) or SU(2) gauge symmetries.

SU(2) gauge bosons with nonzero dark isospin can
be dark matter candidates as a bonus.



