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Introduction l

Neutrino masses are very different from other fermion masses.

( neutrino < 1eV electron = 0.5MeV tau = 1.8GeV  top = 172GeV )
\_ 1 MeV 7~" 1kg )

— neutrino-specific mechanism to generate their masses ?

Neutrino-specific mass term

. 1 _
Majorana mass : 5 e ?(vp)¢vy + h.c

RQem: 0+ 0 =0 (possible only forv )

Y (=1/2) +(-1/2) = -1 } to be compensated
TR R I e T B S

¢ = (qb+a qu)T 1 Ry
Only the SM Higgs boson has vev. —> 53 [Lcios @] [®"i02L] etc.

by scalar fields
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Type-l Seesaw SM + Vg

/ () () \
BT
(v1,) —~(I)——)— "
(vR)* g
2 0\2
m, ~ y,,]t[b; ~0.1eV =101 GeV

y, ~1, Mg~ 10" GeV
Far from experimental reach

R § 103 GeV
Good for experimental searcy

k/ Why small ? Radiatively generated?
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Our Model l

/Gauge Group : SU(3). x SU(2), x U(1)y
No VEV
f Boson

X U(l)BN
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Fermion (i =1,2)
VRi \I]Lfi ‘I’R@' <T] SO> (TO \
SU(2)L 1 1 1 2 1 1 Broken
by (o)
Uy | o 0 o 12 o o Y
kU(l)BL w1 3/2  —1/2 || 1/2  1/2 9
— Not —1

—> L vy is forbidden
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( VR v, ¥p n sV o’ \
SU(2)L 1 1 1 2 1 1
U(l)y 0 0 0 1/2 0 0
\U(l)B—L +1  3/2  -1/2 1/2 1/2 2 )
U(1)s-L charges and dark matter
SM particles + Yr 0, i, —1, +1
0 3 Integer or 1/3
g . 9
“Red particles” : Half-integer (Interactions: ¢’ ¥, U, etc.)

Unbroken global U(1)py as an accidental symmetry

—> The lightest “red particle” is stable (dark matter).

U(l)B—L X U(l)DM




/ Vg v, ¥p n 30 UO \ &2

SU(2)L 1 1 1 2 1 1
U(Dy 0 0 0 1/2 0 0
Ul)p—1 | +1 3/2 —1/2 1/2 1/2 2
\_ : / Y
Assumed to be DM 7—’“l
o -
Mass of Dirac fermion ¥ = (@R) C Y {(0> vy ‘I’R]
L
\\
(6°)
|
Dirac mass term of I : (502*,— S ()
(forbidden at tree level) , N
T VR T @, P vr
L : R
(o)
Majorana mass of Vp : yR[<J*>(VR)CVR]
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/ VR v ¥p n s” o’ \
SU(2)L, 1 1 1 2 1 1
U(1)y 0 0 0 1/2 0 0
\U(l)B—L +1  3/2  —=1/2 | 1/2  1/2 2 y
“Radiative Type-l Seesaw” with DM
<<b0)f p3 [s907 @] (¢°)
| |
| |
I OR (so)*,/"@‘\\(no)*
K \ /’ \\
(1) v — DG —< v o] w,
-~ NN\ N7 !
(Tgr)° 1 (¥p) (Yr)® T Vg v, o Up
| | |
(o) / (c*) (o)
y, | Lioan U] ys [s° U1 vg)
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4 VR Uy n 5"
SU@2), || 1 1 2 11
U(1)y 0 0 1/2 0 0
\U(l)B—L +1  3/2 1/2 1/2 ) J

»* ~—— Eaten by W= boson
Im(¢°) — Eaten by Z boson

Im(c”) —— Eaten b




Example Set of Parameter Values

0.01 —0.0123
0.141 —-0.0101

Yn =

Mpg1 = Mgy = 250 GeV
{My,, My,} = {57.5GeV, 800GeV}

0.1 0.1

/ (0.0757 0.0445) y _(_0.0152 0.015?

DM
{mg. , mg,, cosf} = {200 GeV, 300 GeV, 0.05}
my+ = 280 GeV /
\U, Just an example
. T
Am2, =7.6 x 107°eV? 3 V3
Amgl =924 x 103 eV? Uving = _l i l
6 3 2
1 1 1
\_ \ G 3 2 U

GeV] ]

10

()

10°

0,
(%)
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246

125

DM



11/16

Radiative Type-l Seesaw NModel
with Dark Matter
via U(1)s_1. Gauge Symmetry Breaking
at the ILC

Hiroaki SUGIYAMA
(Univ. of Toyama, Japan)

Contents @ Introduction
® Our Model - “Radiative Type-l Seesaw” -
® Phenomenology ( vp)
® Summary

based on ‘S. Kanemura, T. Nabeshima, HS, PRD85, 033004(2012)" |
‘S. Kanemura, T. Nabeshima, HS, arXiv:1207.7061’

—_——

,. Univ. of Toyama

R A - i'. W yee "“')G ;s



12/16
Phenomenology - Vg at LHC - l

Vp

iy

o(pp = Z") ~70fb for /s =14TeV, m, =2TeV, gg_ = 0.2

.
BR(Z' — vgvy) ~ 10%

{ BR(vp = ("WT)+BR(vp = W) ~50%
(BR(vg = vr.Z) + BR(vg — vih) + BR(vg — v H) ~ 50 %)

\ BR(W* — hadrons) ~ 68 %

——— 0.1x{1—-(1-0.5x0.68)7} ~0.06
wgnal) ~ 70fb x 0.06 ~ 4 b /

Very heavy 7' —> ILC




Phenomenology - vgatILC - l
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K 250 GeV
800 GeV %
B v,
(& yn <

| oo WE
E(n_)* S
1280 Gey  200GeV

U, p missing

€+ yn \Pl DM J
57.5 GeV
’ BR(Uy — 15 S?) ~100% for S9 ~ s°( 1°)

BR(vp = ¢ WT)+BR(vg = (W) ~50%

K BR(W* — hadrons) ~ 68 %
\.

AL

_/




| cos 6| < 0.95 E, < 300 GeV
0.9999416 < |cos@,|

200 GeV < M < 600 GeV

240 GeV < Mw, < 260 GeV

300 GeV < Ew, < 600 GeV
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Example

e

0.01 —0.0123

(0.0757  0.0445
" (

ILC with /s = 1 TeV 0.141  —0.0101)

10 ¢ : ‘ : . : : Main BG
E ' ' ete” = W Ty
S 1} t?{[al BQ[
= : arter Cutsj
5 TN Ns/v/Npa =3
Dy | _' with 10% b~
7] :
2 . :
L_) 0.01 ¢ \/ NS/\/NB — 3
& ' f with 3 x 10° fb~!
=)
' 0.001

0 0.1 015 0.2 0.3




Summary l oot
U(1)g_1, Symmetry

Symmetry breaking Radiative Type-l Seesaw

—— Mg, mp, Mpm ——
TeV-scale vp

Charge assignments
— Unbroken global U(1)pyy —— Stability of DM

vp signal ; vy — (%55

O(1)fb @14TeV LHC (light Z') ot
VR wT
O0.1)tb @ 1TeV ILC (heavy Z') e~ v < < ,
1 | o s J
Ns/v/Npa =3 w/ O(10%) fb (17)" Si vu,;
€+ yﬂ\ \IJ_IPI
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“Radiative Type-1 Seesaw” with Dark Matter ms

Closed pass (loop)
— Some conserved charge (U(1), Z2, etc.) ?

= ¥py can be fermionic dark matter

(¢°) 77 vy, - Forbidden
Mpwm |, ¢ = Myp) breaks some symmetry
A (Qﬁ )WVR - Allowed (NeW VEV f))




A New VEV and New Fermion Masses

-~

\_

/

(¢")

- T~

YoM !

(o)
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(¢°) — Fermion masses in the SM

(0) — Fermion masses beyond the SM
(@ Majorana mass of vp
Dirac mass term of v

| @ Mass of ¢y wb)

} TeV-scale Type-l seesaw

Radiative geneartion
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( VR v ¥p n s” o’ \
SU(2)L 1 1 1 2 1 1
U(l)y 0 0 0 1/2 0 0
\U(l)B—L +1 3/2  —1/2 1/2 1/2 92 j
U(1)p_1, charges and dark matter
Nontrivial interactions of “red particles”
o'V, U, U, vy Lioyn U s'n'®
5 1 1 3 1 1 1 1
B-L: 2——2—— — - 41 1— = — = — — =40
2z > "2 7 2 2 > "2 7

—> Pairs of particle and antiparticle

—> Unbroken global U(1)py (Conservation of # of “red particles”)

U(l)B—L X U(l)DM

—> The lightest “red particle” is stable (dark matter).




Heavier Fermions for Anomaly Cancelation

a

SM gauge singlet fermion

N

kLeft-handed

M S (o)
(B—L charge, # of fields)
Right-handed | (1, 9) | (=1/2, 14) (1/3, 14)
(3/2, 14)

(—=5/3, 14)
/
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Lepton Flavor Violation
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/ 0.0757  0.0445 \ )
y, = | 0.0l —0.0123
0.141 —0.0101
{My,, Mg,} = {57.5GeV, 800GeV}
DM

mni = 280 GeV

> —> BR(p — ey) =14 x 1072

P

KR
Ky l];‘l_Ra l]:]2R

<

(MEG: < 2.4 x 10" '% at 90% CL)
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Phenomenology - Dark Matter - |

DM relic abundance

{fua = v/2(c) = 5TeV

Maximal o%-¢° mixing

Qpu A

1000

100 |
10 |

0.1}
0.01 |

0.001

My mpyg
2 2
WMAP |
,
N

40 50 60 70 80 90
Mpy [GeV]

100

T 7 )

ZI

v f
k Not sufficient annihilation J

2 7\

o° ¢’
- == -
Mpm m
v (o) () ~f

Sufficient Annihilation
< Large mixing X

<> My XMy

\
\,,ho + H"” looks like th /
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2

DM Relic Abundance o 1/y3 o v>
v, =V2(c%) = 5TeV v, = V2(c%) = 5V/10TeV
XV 10
1000 ‘ ‘ 1000
10} Model 100
= 10 | 10 ¢
=
a1 11
S
0.01 | | x 10 0.01 Marginal
0.001 Y 0.001 e
40 50 60 70 80 90 100 40 50 60 70 80 90 100
Mpy [GeV]
DM - Nucleon Cross Section o v} *
g
U B-L U, v, < 5V10TeV
§ A —Co(U;N — ¥ N) >3 x 10~*" [em®] >
q q
IB-L Sensitivity in XENON 1T (20177?) :

(Scalar med. : Negligible)

o(DM’N — DM’N) ~ 10~ [em?]
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Phenomenology - Dark Matter at ILC- |
/ Compare Mg, with Mpy in XENON N

missing
e . //

T, missing
T, _ (e7)” / U,
YANE y
o H + +
—> DM - lepton interaction

—> DM might contribute
to neutrino mass generation mechanism




0.98 < | cosf.| < 0.99998 E. <120 GeV
| cosd,| < 0.8 80GeV < E,

| cos B, | < 0.8

120 GeV < M s




ILC with /5 = 500 GeV

-
-

Signal Cross Section [fb]

=
[

]

5) 55 60 65 70

My, |GeV]

Main BG
ete” — e+/,¢_uez/_ﬂ

\ Ns/\/Npe = 3

with 10°fb~!

mpy
Around o
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DM - Nucleon Cross Section

o [cm?]

ZEPLIN-III
XENONI100 (2010)

1 e o
p—
el
=

N
~FomET_. XENON 100 (2012)

Buchn ™ 3-
\\_LXENON 1T (2017)
-

“é‘ll() T T Iib() im0 1000
mpy |GeV]
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