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1.Introduction

[Neutrino masses]

*Tree level _
M ? This case is very simple.
v - | Se | v, It would be difficult to test
VR

M ~ 0(10') TeV — o ~ O(1) at collider experiments

M~ O(1) TeV — ¢ ~ 0O(1079)

f- Loop level (radiative seesaw)
oy, /O
. ,:"f\ M=% This case could allow
PN, sizable coupling constants.
v, v, vK

M~ O(1) TeV

\ — ¢ ~ 0(10%)

~

Dark matter is naturally supplied.

/




1.Introduction

| WIMP dark matter |

WIMP dark matter mass:
Moy ~ O(100-1000)GeV

' 1TeV

What is the origin of M,,?

If U(1)5_, gauge symmetry is broken by the vev
of additional scalar boson ¢ at O(1-10)TeV ,

My, is given by this vev through vy, ¥ ¥ o

100 GeV

coupling. ‘

Dark matter and neutrino masses could be
naturally explained by TeV scale physics
(Wwith U(1);_, gauge symmetry.




2.Model

'SU(3)0>< SU(Z),X U(1)Yx U(1)B_L S ?} (lI!R)%' (lIJL)%' (HR)E a0
su+ | 2|11 |1 1
U(l)y|l 0 /2, 0|0 |0 0
*New matter particle: ) 1. ‘
—-B-L Higgs scalar O Up-u [[1/2] 172 |71/23/2 1|2
~Right handed neutrinos v }* _ ~
-SU(2), singlet scalar s Half unit of
_—%:](-2)1 dfoubl.et sce:llja:"z n - U(1)B—L charge
iral fermion Rl ) \_) U(1)DM y
a )
U(1)5_, protect: Tree—level L Vg
Majorana mass of vy
. Dirac mass of ¥ y
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[U(1)B_,_ symmetry breaking]
*vg Yrand ¥
£\"'ukam-‘a JR)@( ) (‘UH ( ) ( ( )I(LPL] ( :
_’5

)
N (ﬂ"*;ﬂ) o )\/2, (My)i = (w)i—= & tree level

[ Electroweak symmetry breaking}

“¢0,0,sandn > Physical state: hH,S1,S2, n *
h° CcOsS(r — SIN (v @Y Y cosfl —sinf n"
_— T 1 — I
HY st cos o l s9 ~ \sing coso 5"

Global U(1),,, remains after U(1),_, gauge symmetry breaking.
We assume that the ¥, is the lightest U(1),,, particle.

Neutrino masses
The dark matter mass

Stability of the dark matter
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[ Neutrino masses ]

The 0(0.1) eV neutrino masses can be naturally deduced
from TeV scale physics with 0(0.01-0.1) coupling constant
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p
Abundance of ¥ ]
f
Yy @ — { ¥¢ | n+
I
y.~ schannel > ¢ v, f e
constraint by u>ey Z’ is heavy
1000 [ . . . ‘ :
100 | [\/
ol M,=120GeV
N M, =140GeV |
= 1} l\ [cos@=1/42 |-
G 01 WMAP |
\J
0.01 | (a) i
Okada and Seto (2010) 0.001 Higgs resonance is important
Kanemura, Seto and Shimomura (2011) 40 50 60 70 80 90 100
mpy [GeV]

[Maximal mixing between ¢ and ¢ is required! ]
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Qpuy h?

[ Bound of Vo ] DM Relic Abundance  oc 1/yg, o< v
v, = V2(c) = 5TeV - v, = V2(c") = 5V/10TeV
XV10 10000 —
1000 p ' ‘ ' ' ' o 1000 ¢ (\m
100 | : = 100 } ]
| [ “Wodel ; |
10 | 1 a 10 | ]
' | < |
o1 '\ WMAP o WMAP |
. / LF B
0.01 \J N : x 10 0.01 ‘ ‘ S ‘
| | o | 40 50 60 70 80 90 100
040 50 e 70 80 90 100 My [GeV]
Mpy [GeV] v, < 5vV10TeV Marginal

y
! g i =Co(¥;N — ¥ N) 2> 3 x 10" [em?]
Z!

Sensitivity in XENON 1T (20177?) :
o(DM’N — DM’N) ~ 10~*" [em?]
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[ U(1)5_, anomaly ]
Our model focus to explain TeV scale physics.

<

U(1)z_, anomaly would be resolved by some heavy
singlet fermions with appropriate B-L charge.

For example;

Right hand: 1X9,-1/2X 14, 1/3X9

left hand: 3/2X14, -5/3X9
(B—L charge, # of fields)

<

U(1)5_, anomaly is not serious
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[ Parameter set ]

*neutrino oscillation *LFV -LEP
DM abundance ﬂ/l direct detection 1TeV

~

Normal Hierarchy, Tri—bi maximal
(Our results are not _sensitive to value of 0, )
0.0757 0.0445 . {_0_131 0.1 J
f,;=| 001  -0.0123 Lo ot
-0.141 -0.0723

Mg = 250 GeV, My, = 57.5 GeV, My, = 800 GeV
Mg, = 200 GeV, Mg, = 300 GeV ,

M, = 125 GeV, M, = 130 GeV,

M, += 280 GeV, cos8=10.05 cosa=1/42,
g,.,=0.4, M. =4000GeV, v ,=246 GeV, v = 5 TeV

100 GeV

All coupling constant are 0(0.01-0.1) and
all masses are O(100-1000) GeV.



3. Physics at the LHGC

[ Physics of Z’ ]

Z’ mass: O(1-10)TeV

I'(Z" =XX) o< (B-L charge)?

Z’ decay into

invisible about 30%

Z’ production cross section is 70 fb

at the LHC for Vs = 14 TeV
M= 2000 GeV and g_,= 0.2

S IS PR R U U S SRS B
05 1 15 2 25 3 3.5 4 45 5

U(1);, symmetry could be M, (TeV)
tested by measuring decay L. Basso, A. Belyaev, S.Moretti and

C. H. Shepherd-Themistocl 2009);
of the Z’ at the LHC. L.BassoeF()Zglrl) emistocleous (2009)

However, if we detect only Z' boson,
our model cannot be distinguished other U(1);, models.



4. Physics at the ILC

|

Dark matter &
right handed neutrino

(ot

« et
Y. Z ¥,
e /
£y N
"
f<

We focus on
e', e — e*, u + F processes.

If this cross section is large,
U dark matter would be directly coupled
¥, to charged lepton.

~

/

,¢ S1, S2

f
|
|
|
:

- ‘P1

We focus on

4 _ _
< we €€ — e (orp7), W +E processes.
hE VR QE If this cross section is large,
-

non—stable right handed neutrino
exists at O(100) GeV.

~

/




4. Physics at the ILC

The cross section of the signal is very low in this case.

The kinematical cuts to reduce B.G.
—0.8 < cos(p) < 0.8, £, > 80GeV,

. < 120GV, M, = 120GV, —0.8 < coslep) < 0.8,
/ +&= 350 GeV 10 J5= 500 GeV
. ~— . Back ground _ § Back ground
c € S
s 0.01 | signal s 1
Q ]
w 0.001 A i
] 2] 36 ]
| & | &
0.0001 e 0.1 o
\ 50 55 60 65 70 75 80 50 55 60 65 70 75 80
Dark matter mass (GeV) Dark matter mass (GeV)

J

'Dark matter can be tested with 1ab~! data:
at the +s = 350GeV for M,,, < 64 GeV at 3o C.L.
_at the s = 500GeV at 5o C.L.

N




4. Physics at the ILC

The cross section of the signal is very low in this case.

The kinematical cuts to reduce B.G. _
—0.95 < cos(l) < 0,95, 200GeV < M, ;.. < 600GeV,

240G eV < M, < 260GeV, B, < 300GeV,  300GeV < E, , < 600GeV.

/ 10  E=1Tev \

Background . —
1 F_,«"""’";ignal
/3o with 1ab™
0.1

/R 30 with 3ab°

!

0.01f / Parameter set

/
/
!
I“‘
4

o001l . . . .
\ 0 0.05 0.10.15 02 0.25 0.3/
|fe1fe2|

Right handed neutrino can be tested at 3o C.L.
at the 4s = 1 TeV with 3ab™! data.

Cross section (fb)




[ Most optimistic case ]

[ LHGC } Zp_, is detected at the LHC
[ ILC ]

-350 GeV - 500 GeV (also 1 TeV)
e, L(t) with missing momentum

— Dark matter which is directly
coupled to charged leptons.

1 TeV
e, W with Missing momentum

— 0(100) GeV right handed neutrino

Radiative seesaw model with B—L gauge
symmetry which include non stable right
handed neutrino exist at TeV scale



4. Physics at the ILC

[ SM-like Higgs bosons ]

Our model predict two SM-like Higgs
bosons at 0(100)GeV.

<

One SM-like Higgs boson
etected at the LHC ?

<

Q.

Local Significance

Arbitrary units

10

= ATLAS Preliminary
- —— Obs.
L ----Exp.

| ik (it 0 o e o o I

LAY L e
2011 + 2012 Data 4

5=7TeV: |Ldt- 4648f" |
5=8TeV: |Ldt=5859f" |

115 12

L1l \1 T T\ [ l‘\ 1 I-I L1l I1 L1 I—I—T
0 125 130 135 140 145 150
m,, [GeV]

ZH-u X
— Generator level

----- Reconstructed data

Two SM-like Higgs bosons would be separated at the ILC
if these mass difference is about more than 50 MeV.



5.Conclusion

(D We consider possibility of testing the radiative type-I
seesaw model in which U(1);_, gauge symmetry is
the common origin of neutrino masses, the dark
matter mass, and stability of the dark matter.

2 Z’ boson could be tested at the LHC.

@ Dark matter ¥, can be tested with 1 ab~'data:
at /s = 350 GeV with M,,, < 64 GeV at 3o C.L..
at /s =500 GeV at 56 C.L. .

®) Right handed neutrino could be tested at 3c C.L. at

Js =1 TeV with 3 ab 'data.
(® ILC have potential which distinguish our model.
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@ [ Uy, J charge assign

L \t:’ee
1TeV / Xtree
e ).
> \
[ Maximal l
100 Gev | (_Mixing \ [ om=01

1-loop neutrino ]
Dirac Yukawa

01V (" Type I like
2—-loop seesaw

)




charge assign
[U(1)B-L J > U(),,,

Dirac Yukawa

1-loop neutrino ®
UChg ;

Majorana mass of vi
Dirac mass of ¥

LPRI lIJL
0
<o>
<O> <O>
[} [ ]
-t q U
n . N S S o
Type I like ! vovg !
vV, D - T * L vV,
2—-loop seesaw Poo ¥ P e
o> <o> o>
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Experimental bound(MEG):

2.Model

: LFV constraint ]

SCEEI'H

2
1 (ﬂ-i’g,)f .
BR(J’-’L - Ef'-}") — 647"’@2 2 f,u,?'.FQ (111-2 (f')ie 3
| F + 4 ﬂi
* 1 — 6a -+ 3a® + 2a® — 6a%In(a
Fy(a) = ( )

[ Direct detection of V1 ]

Y,

.73

Y,

N

» o(U,N — T, N)

BR(u —e, ) <24%1071

M
n
6(1—a)’
J. Adam et

al.(2011)

292
my, My

4
~ [9B-L
— \my ) A4Ax(

m W ) + m N )2

Experimental bound(XENON100): o (7N — U N) < 2 X 10™45cm?

XENON collaboration (2012)

[ Consistent with current experimental bound. ]




4. Physics at the ILC

[ Electron efficiency ]

Identical efficiency of electron

I e T e
gé_lOO:“ o 1 (] : [ I | i—
E 80 = i N
S i
@ 600 ]
s I @ :250GeV |
aor ° W 150GeV -
20__ A7SGEV _ . .
- |.Bozovic-Jelisavcic [on behalf of
A 1 the FCAL Collaboration], (2011)

010 20 30 a0
angle (mrad)
1. In the signal processes, Electron tend to be emitted
forward region.
2. We assume detectable area of electron 30 mrad and

20 mrad for 350 GeV and 500 GeV collider respectively



4. Physics at the ILC

[ e, E — e, 1, p processes ]

E - E )

¥

1. In our model, f_. coupling can take larger value than fw-
coupling.

2. Signal cross section increase about 100 times more than
e, E — e, u, pprocesses in our parameter set.

3. Background are same value to e, E — e, 1, p’processes.




4. Physics at the ILC

N

-

Coupling Constant c./A(GeV")
[EY
o

104
\ m, = 120 GeV
09— 00 " "iooo
Dark Matter Mass(GeV)

1071y

Fermion Dark Matter

XENON100

Parameter set |
. e*ecollider ]

)

J

S.Kanemura, S.Viatsumoto,
TN, H.Taniguchi (2011).

Y., would be tested by invisible decay of h
at 4/s=350 GeV with 500fb~! at 3o C.L..




4. Physics at the ILC

| Physics of ¥, |
E - E )

<l

1. In our model, dark matter and electron are coupled via
the Lyn coupling

2. The energy momentum conservation is used to detect
the dark matter.

3. If this cross section is large, dark matter would be
directly coupled to charged lepton.




4. Physics at the ILC

[ Physics of vy ]
4 sss2 )

; /
7 +
e > < W
| \Pz h::\ Q’
n' | VR -
|
L

N —— R

1. In our parameter set, vp—W=, |7 is main decay mode.

We consider W—jet, jet process.

3. If this cross section is large, non—stable right handed
neutrino exist at 0O(100) GeV.

N



