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Introduction

Hints for new physics

Taken from T2K web cite
http://t2k-experiment.org/ja/

-Neutrinos are massive

Atoms Dark
4.6% Taken from NASA web cit
Energy aken rrom wep Clte

Dark 71.4% https://wmap.gsfc.nasa.gov/universe/uni_matter.ht

Matter

24% -Dark matter Is there

-Matter antimatter asymmetry
needs to be created

TODAY 2
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Missing particles in the Standard Model
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Missing particles in the Standard Model
MERIF F—RF
matter (fermions) gauge bosons

B[

strong electromagnetic

D,
| = .
K3 5
Sk O *
down strange bottom
S e i 2
N v <b " i = Zboson W*boson W-boson
_[_§ electron muon t 1Y 71*:11.’.?
i} s A PN Prany Higgs bosons

All the particles have been observed
and the SM looks to be completed
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Missing particles in the Standard Model
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Missing particles in the Standard Model
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Missing particles in t
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Adding RH neutrinos

ooks natural!
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Missing particles in the Standard Model
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Adding RH neutrinos looks natural!

How many RH neutrinos are necessary? ,
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What we know from oscillation experiments
-Flavor mixing angles

NuFIT 3.2 (2018)
0.799 — 0.844 0.516 — 0.582 0.141 — 0.156
|U|30 =

0.242 — 0.494 0.467 — 0.678 0.639 — 0.774
0.284 — 0.521 0.490 — 0.695 0.615 — 0.754

0.97434T5-0001 0.22506 & 0.00050 0.00357 + 0.00015
Vorn = | 0.224924£0.00050 0.97351 4+ 0.00013  0.0411 +0.0013
+0.
0.00875 (0033 0.0403+0.0013  0.99915 + 0.00005 ) o

Larger mixing than quark sector
-Mass squared difference
Am3, = 7.4 x107°eV?  Am3, = 2.494 x 10 °eV?

[NUFIT3.2 (2018)]

-(Dirac CP violating phase)d ~ —m/2
)
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What we know from oscillation experiments
-Flavor mixing angles

NuFIT 3.2 (2018)
0.799 — 0.844 0.516 — 0.582 0.141 — 0.156
|U|3a =

0.242 — 0.494 0.467 — 0.678 0.639 — 0.774
0.284 — 0.521 0.490 — 0.695 0.615 — 0.754

0.97434T5-0001 0.22506 & 0.00050 0.00357 + 0.00015
Voxa = | 0.22492 4 0.00050  0.97351 4 0.00013  0.0411 + 0.0013
0.00875 (:onp33  0-0403+0.0013  0.99915 £ 0.00005 ) (ppg

Larger mixing than quark sector
-Mass squared difference
Am3, = 7.4 x107°eV?  Am3, = 2.494 x 10 °eV?

(Nuri 3.2 (2018)]

At least, two mass scales are required!
)



I ntro d u Ctl O n [Minkowski (1977)Yanagid41979)Gell-Mann,Ramond,Slanski1979);
Glashow (1980Mohapatra,SenjanoJit980)]

Usual way to obtain neutrino masses (tygseesaw)
-Adding RH neutrinos

T M
Lomass = FarLoHvgr +h.c. + TV]%]VRI-

*Dirac masses F,;(H) *Majoranamasses M,

-Tiny neutrino masses can be realized by hierarchy

M B 0 Mp diagonalization M, 0
C\Mp My)  mMp<my  \ 0 My

where M, ~ —MpM,,;' M}

(I =2 Is needed at least)
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Physical states of neutrinos
* : : : Sl _ul e8¢
Active neutrinos : Vi = UnnsVLa — Unns OVRr

*Heavy neutral leptons (HNL) Nf = v + Oy,

Not e: someti mes 1 tods cal | auhiBaoBEstetileeneutrinoe neut r

Important parameter :0 = Mp /M), (|®|2 = M,,/MM)

HNL can have gauge interaction through this mixing

e.g. ,\;\‘\"\r v
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RequiredMajoranascale to realize seesaw
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DoniiirarilMlIainranaceraln A roaali7o eancawg
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DoniiirarilMlIainranaceraln A roaali7o eancawg

I F%]%V:/ : : _j/

~ 0.1
Mg 0.1 eV Coupling is O(1)
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106 1
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M GeV] 8
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DoniiirarilMlIainranaceraln A roaali7o eancawg

1l F vy

0.001

10~ 12

My

—ﬂ

Coupling is O(1)

7

~ (0.1 eV

Small couplings
are still OK

Superheavy-INLs are not necessar-)_-—

10~

M GeV]
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DoniiirarilMlIainranaceraln A roaali7o eancawg
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DoniiirarilMlIainranaceraln A roaali7o eancawg

T "I "X "X /
ll F20ew 01 v I
My, © Coupling is O(1)

0.001
[1. /
10 ¢
Small couplings
10~} are still OK

10-121 How light HNLs are allowed 2—s—m — u
lu~- 1U " 1V 10" 101t 1010

M GeV] 8
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Once HNLs contribute activemasses via seesaw
O* = M, /My

-Constraint on lifetimelruchayskiyandivashko(2012)]
My < my, ~ 140 MeV Vs
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Once HNLs contribute activemasses via seesaw
O* = M, /My

-Constraint on lifetimelruchayskiyandivashko(2012)]
My < m,. ~ 140 MeV

Vs
Ve
Z
Elk lifetime ‘ \>_/%
Ve Ve

detectabllity
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Once HNLs contribute activemasses via seesaw
O* = M, /My

-Ccl00.0§ |
50.0 [\ 1

10.0 F \\ Excluded from BBN .

Exclluded frlom direlct searclhes

20 40 60 80 100 120 140

Mass M [MeV] [Ruchayskiyandlvashko(2012)]
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Once HNLs contribute activemasses via seesaw

8" = M, /My

_CclO0.0 - 5
50.0 |, 1
Mo |
10.0 F \ Excluded from BBN ;

2500 N,
- .
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— — - e

Exclluded frlom direlct searclhes
20 40 60 80 100 120 140

Mass M [MeV] [Ruchayskiyandlvashko(2012)]
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Once HNLSs contribute activémasses via seesaw
2

|@| — MI//MM

_Ccloo.oi—' N

50.0 :

M |

10.0 F h Excluded from BBN |

= 50+
(o i

1.0
0.5" T=- _ _ :
HNLs need to be heavier than pion mass
L [BEelUGed i GUieel seartines
20 40 60 80 100 120 140

Mass M [MeV] [Ruchayskiyandlvashko(2012)]
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Testability of HNL

Center mass energy of LHCL0* GeV

Direct production is impossible
when My, ~ 10*° GeV

10
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Testability of HNL

Center mass energy of LHCL0* GeV

Direct production is impossible
when My, ~ 10*° GeV

|f MM < Mmeson

N

ol Fwea ~ T wen
‘ | X k (GeV) X k

VI \\@\
Ny

FN

prod —

10



Introduction
Testability of HNL

Center mass energy of LHCL0* GeV

Direct production is impossible
when My, ~ 10*° GeV

|f MM < Mmeson
€+

A e

[oa = 1017 X Tyear [yea
prod ‘@l X k O(GGV) X k
vl l 7 Y Y X D\
Hints of low scale seesaw can be got by
high intensity experiments!!

10



Contents
Today, | woul d |1 ke to f ¢

*LNV B decay at future collider

[Asakaand H.I. (2016)]

*LNV B decay at future B experiments
[C v e &nd Kim (2017)]

*Displaced vertices search at futweCb
[Antusch Cazzatg and Fischer (2017)]

*Displaced vertices search at LHC
[GiovannaHelo, and Hirsch, arXiv:1806.05191]

11



Contents
Today, | woul d | 1 ke to f

*LNV B decay at future collider

[Asakaand H.I. (2016)]

*LNV B decay at future B experiments
[C v e &nd Kim (2017)]

*Displaced vertices search at futweCb
[Antusch Cazzatg and Fischer (2017)]

In further discussions,
Majoranamass and mixing angle are considered
as independent parameters

11



Excuse for assumption
Generic feature of Yukawa couplirgpsas. arra@oow)

// 1 1
F.,.r=—UDZQD?
' (H) N

1
* Jif — ag(\/ 25V )
1
§ .
x D = diag (v/mq1, v/ma, /ms3) ,
C13C12 C13512 . size” " ,
* U: —023812 sazsizcize’’ 623012—823813812€Z§ $13C13 e’
$23512—C23513C12€% —sa3c12—Ca3s13512€%° casers 1
cCoOsw —Ssinw
* cosw —sinw for N.H. Q= |¢sinw £cosw for |.H.
Esinw  £cosw 0 0

w IS arbitrary complex,¢ = +1

12



Excuse for assumption
Generic feature of Yukawa couplirgpsas. arra@oow)

{/ 1 1
—UDz2OQD?
oy VPPN

FaI:

l .
* D} = diag (/M ,v/Ms)
1
§ _ .
x D = diag (v/mq1, v/ma, /ms3) ,
C13C12 | C13512  size”® ,
x* U = | —cozsia—sassizciae’® cascra—sassizsize’  sizers e’
sa3512—Ca3s13C12€"°  —sa3C12—Cazsizsize’ cazcis 1
0 0 COSw —SInw
* 0= | cosw —sinw for N.-H Q= |¢ésinw Ecosw for I.H
Esinw  £cosw 0 0

Independent of seesaw relation!
12



Excuse for assumption

Generic feature of Yukawa couplingpsas, iara(zoon)
0 0 0 0 0 0 0
0= cosw —sinw]|] =0 cosRew —sinRew coshImw  —isinh Imw
Esinw  Ecosw 0 ¢sinRew € cosRew tsinhImw  cosh Imw

Imaginary part can determine
the magnitude of Yukawa coupling

1
Because,sinh Imw = 5 (exp [Imw] — exp [—Imw])

1
cosh Imw = 5 (exp [Imw] + exp [—Imw])

Enhancement of Yukawa coupling (mixing angle)

can be realized bynw!
13



Excuse for assumption

Generic feature of Yukawa couplingpsas, iara(zoon)
0 0 0 0 0 0 0
0= cosw —sinw]|] =0 cosRew —sinRew coshImw  —isinh Imw
Esinw  Ecosw 0 ¢sinRew € cosRew tsinhImw  cosh Imw

Imaginary part can determine
the magnitude of Yukawa coupling

1
Because,sinh Imw = 5 (exp [Imw] — exp [—Imw])

1
cosh Imw = 5 (exp [Imw] + exp [—Imw])

Just for simplicity,

we analyze the RHat end
13



LNV B decay at future collider

[Asakaand H.l. (2016)]
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LNV B decay at future collidepsaeand.. oo

Focusing process

15



LNV B decay at future collidepsaeand.. oo

Focusing process

o+
Bt W ut
+ 0T
Wl N
W= T

on-shell HNL
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LNV B decay at future collidepsaeand.. oo

Focusing process

o+
Bt W ut
+ 0T
Wl N
W= T

on-shell HNL

*Considerable mass range

*Assumption
O, #0 and I
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