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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% i
Energy Taken from NASA web cite
Dark 71.4% https://wmap.gsfc.nasa.gov/universe/uni_matter.htmi
Matter

24% -Dark matter Is there

-Matter anti-matter asymmetry
needs to be created

TODAY
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* Missing particles in the Standard Model
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Introduction
* Missing particles in the Standard Model
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All the particles have been observed
and the SM looks to be completed
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Introduction
* Missing particles in the Standard Model
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Adding RH neutrinos looks natural!



Introduction
* 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
Vo = | 022492+ 0.00050 097351 +0.00013  0.0411 +0.0013
+0.0
0.00875 (0033 0.0403+0.0013  0.99915 £ 0.00005 ) (g

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) 6 ~ —m/2
3)
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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
+0.0003
0.00875 (0033 0.0403+0.0013  0.99915 £ 0.00005 ) (g

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

pNuri 3.2 (2018)]

At least, two mass scales are required!
3)



I ntro d u Ct I O n [Minkowski (1977);Yanagida(1979);Gell-Mann,Ramond,Slansky (1979);
Glashow (1980);Mohapatra,Senjanovic(1980)]

Usual way to obtain neutrino masses (type-I seesaw)
-Adding RH neutrinos

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

*Dirac masses . F,;{(H) *Majorana masses: 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 1s needed at least)



Introduction

*Physical states of neutrinos
*Active neutrinos : vi = UinsVLa — Unins OV

*Heavy neutral leptons (HNL) : Nf = v + 0Ty,

Note: sometimes it’s called as sterile neutrinos but this is NOT MiniBooNE sterile neutrino!

*Important parameter: © = Mp /My, (|®|2 = M,,/MM)

HNL can have gauge interaction through this mixing

€.g. O !
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*Required Majorana scale to realize seesaw
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e Doniiiraod NMainrana er~rala tn roaali7n eancnvng
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Small couplings
are still OK

Superheavy HNLSs are not necessary ———-~_
10~ 1V oYt 10t
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*Once HNLSs contribute active v masses via seesaw
6> = M, /My

_Constra”’]t on ||fet|me [Ruchayskiy and Ivashko (2012)]
My < my, ~ 140 MeV Vs
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*Once HNLSs contribute active v masses via seesaw
6> = M, /My

_Constra”’]t on ||fet|me [Ruchayskiy and Ivashko (2012)]
My < m,. ~ 140 MeV

Vs
Ve
Z
O lifetime ‘ \>4%
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detectability
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*Once HNLSs contribute active v masses via seesaw
6> = M, /My

-Cql00.0§ |
50.0 [\ 1

10.0 F \\ Excluded from BBN .

Exclluded frlom direlct searclhes

20 40 60 80 100 120 140

Mass M [MeV] [Ruchayskiy and Ivashko (2012)]
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*Once HNLS contribute active v masses via seesaw

8" = M, /My
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Mass M [MeV] [Ruchayskiy and Ivashko (2012)]
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*Once HNLS contribute active v masses via seesaw
|@|2 — MI//MM
_Coloo.oi—' B
50.0 :
M |
10.0 F h Excluded from BBN |

= 50+
(o i

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

Mass M [MeV] [Ruchayskiy and Ivashko (2012)]
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* Testability of HNL

Center mass energy of LHC: 10 GeV

Direct production is impossible
when My, ~ 10'° GeV
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* Testability of HNL

Center mass energy of LHC: 10 GeV

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

|f MM < Mmeson
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Introduction
* Testability of HNL

Center mass energy of LHC: 10 GeV

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

|f MM < Mmeson
€+

A e

N 2
1_‘prod = ‘@l X Fweak = O(GGV) X 1—wweak
VA7 l 7 Y Y N\ 2\

Hints of low scale seesaw can be got by

high intensity experiments!!
= 10
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*Today, I would like to focus on...

*LNV B decay at future collider

[Asaka and H.I. (2016)]

*LNV B decay at future B experiments

[Cvetic and Kim (2017)]

*Displaced vertices search at future LHCDb
[Antusch, Cazzato, and Fischer (2017)]

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

11
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*Today, I would like to focus on...

*LNV B decay at future collider

[Asaka and H.I. (2016)]

*LNV B decay at future B experiments

[Cvetic and Kim (2017)]

*Displaced vertices search at future LHCDb
[Antusch, Cazzato, and Fischer (2017)]

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

11



Excuse for assumption
*Generic feature of Yukawa coupling [cass. iarrazo01)

// 1 1
Fo,r=—UDz20D:
' (H) N

* D =d ag(ﬁ,r)

x D2 = diag (v/m1,v/ma,/m3)

—120 1
C13C12 Ci13812 ) S$13€ i
U _023512 8233130128 i 623612_523313512626' 513C13 € n
$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 coupling [cass. iarrazo01)

// 1 1
F.,.r=—UDZQD?
' (H) N

* D =d ag(ﬁ,r)

x D2 = diag (v/m1,/ma,/m3)

id 1

C13C12 C13812 S13€ )

) 3 7

x U = | —cossia—sassizcine’® cascra—sassizsize’  sizers e’
s23s12—Cazs13cize’® —sazcia—cassizsize’’ cascis 1

0 0 cosw —sinw
* = | 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 coupling [cases, barra(2001)]
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, sinhImw = 5 (exp [Imw] — exp [—Imw])

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

Enhancement of Yukawa coupling (mixing angle)

can be realized by Imo!
13



Excuse for assumption

* Generic feature of Yukawa coupling (casas, tarra2oon)]
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, sinhImw = 5 (exp [Imw] — exp [—Imw])

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

Just for simplicity,

we analyze the extended SM by “a” RHv
13



LNV B decay at future collider

[Asaka and H.I. (2016)]

14



LNV B decay at future collider wskaand. oy

*Focusing process

15



LNV B decay at future collider wskaand. oy

*Focusing process

ut
Bt W T
+ 0T
Wr N
W= T

on-shell HNL

15



LNV B decay at future collider wskaand. oy

*Focusing process

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

on-shell HNL

*Considerable mass range
My —my, < My <mp—my,
(mp ~ 5.38 GeV)
* Assumption

©,#0 and 6.,0, =0
15



LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(4S)

BY - pum"+N—-u"+pu" +7- @Bellell

16



LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(4S)

Bt wpum"+N—=u"+pu" +7- @Bellell

given by experiment (Np = 5 x 10" with 50 ab™")

16



LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(45) Effective detector length: /4ot = 1.5 m

Bt put"+N—=ut+ut +7- @Bellell

given by experiment (Np = 5 x 10" with 50 ab™")
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LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(45) Effective detector length: /4ot = 1.5 m

Bt put"+N—=ut+ut +7- @Bellell

given by experiment (Np =5 x 10'° with 50 ab™")
Z

BT -t +N—=pt +put 47~ @FCC-ee
(Np+ = Nz x Br(Z — bb) x f.,)

16



LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(45) Effective detector length: /4ot = 1.5 m

Bt put"+N—=ut+ut +7- @Bellell

given by experiment (Np =5 x 10'° with 50 ab™")
Z

Bt -+ N—=pt +put 47~ @FCC-ee
(Np+ =Nz x Br(Z — bb) > fu)

given by experiment  fraction of BT fromb 45



LNV B decay at future collider skandri. oy
*Focusing future collider: Belle 1l and FCC-ee@Z-pole
-Difference

*Process
T(45) Effective detector length: /4ot = 1.5 m

Bt put"+N—=ut+ut +7- @Bellell

given by experiment (Np = 5 x 10" with 50 ab™")
/ Effective detector length: (4o = 2 m

Bt -t + N = put +put + 7~ @FCC-ee

(Np+ = Nz x Br(Z — bb) x f.,)

(Np = 6.2 x 1072N, with Nz = 10'%) 16



LNV B decay at future collider wskaand. oy

*Result

17



LNV B decay at future collider wskaand. oy

‘Res 107
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LNV B decay at future B experiments

[Cveti¢ and Kim (2017)]

18



LNV B decay at future B experiments tceiandim o17)

Focusing process (in additionto BT — putpt )

Pp=Py —V

Py /,11
Pl/,/
4
— g / —+
u 4 - T
- NNANN =N <
W Py B

(Time ) — m

t on-shellHNL W

*Considerable mass range
My —m, < My <mp—m, Of
My —my, < My <mB—mg)—mu
*Assumption (mp ~ 1.87 GeV ,m%, ~ 2.01 GeV)
©,#0 and 6,.,0, =0 19



LNV B decay at future B experiments teveicand kim o7
*Focusing experiments: Belle Il and LHCDb
-Difference

*Process
T(4S)

B — interested processes @Belle I

given by experiment (Np = 5 x 10" with 50 ab™")

20



LNV B decay at future B experiments teveicand kim o7
*Focusing experiments: Belle Il and LHCDb
-Difference

*Process
T(45) Effective detector length: fge; = 1 m

B — interested processes @Belle I

given by experiment (Np = 5 x 10" with 50 ab™")

20



LNV B decay at future B experiments tcveticandim o1
*Focusing experiments: Belle Il and LHCDb
-Difference

*Process
T(45) Effective detector length: fge; = 1 m

B — interested processes @Belle I

given by experiment (Np = 5 x 10" with 50 ab™")
pp
B — interested processes @LHCDb

given by experiment (Np = 4.8 x 10"?with
private communication) 20



LNV B decay at future B experiments tcveticandim o1
*Focusing experiments: Belle Il and LHCDb
-Difference

*Process
T(45) Effective detector length: fge; = 1 m

B — interested processes @Belle I

given by experiment (Np = 5 x 10" with 50 ab™")

PP Effective detector length: (4ot = 2.3 m

B — interested processes @LHCDb

given by experiment (Np = 4.8 x 10"?with
private communication) 20



LNV B decay at future B experiments tceiandim o17)

*Result-1 (Belle Il sensitivity)
1073 — —_———

1074

]
< |
910-5: —————

----- - B-Dupev |

B- D*p,uev-é

> 3 4 5
M 7 /(GeV) ’1




LNV B decay at future B experiments teveicand kim o7
*Result-2 (LHCb sensitivity)

1073, —r—
F I
' I
I
----- B - Dpyurt :
I
1074 Tttt B - Dxpurt '|
: I
A\ I
. J
< - I
@ !
107°¢ !
10_6_'
3 4 S}

M (GeV) -



Displaced vertices search at future LHCDb

[Antusch, Cazzato, and Fischer (2017)]

23



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

Focusing process (NOT B decays!)

24



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

*Focusing process

q(q
2W*) /vl g
W
N
q J
VErtex LOcator (VELOQ) J
( i

- —_—— — — — — e — — e — e e e — . — . R




Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

*Focusing process
q(q')

VErtex LOcator (VE

LO)

Z(W+) v(lt)
W
N
J
J

Maximal and minimal displacement
'—cﬁ?f‘g) if 0 <9 < arctan(rmax/Zmax)

Xmax (D) = 1 - . _
k sirT(az;) if arctan(rmax/Zmax) <0 < %

() — " S;‘IT(ig)_ if arctan(rmin/Zmax) < 0 < %

otherwise

n.d.

( £ :longitudinal, 7 :transverse)

24



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

*Focusing process

*Considering mass range
4.5 GeV < My < 25 GeV

* Assumption

@U%O and @e,@TZO
24



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

« Constraints to see signal

-Event cuts
e N(u)=1and N(j)>0

2<n(f)<5 f=un,j

®
o Pi(it) > 12 GeV _
o M[ujj]> 4.5 GeV Reject all events from

My < 4.5 GeV
and, ¥[ujj] < 0.34 due to geometric acceptance

25



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

« Constraints to see signal

-Event cuts
e N(u)=1and N(j)>0

2<n(f)<5 f=un,j

o
o Pr(1n) > 12 GeV |
o M[1jj]> 4.5 GeV Reject all events from

My < 4.5 GeV
and, ¥[ujj] < 0.34 due to geometric acceptance

-Requirement to decay point of NHL
*Decay inside the VELO  zmax = 40 cm

*Decay inside the volume Zmax = 2 I
25



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

* Future prospects

26



Displaced vertices search at future LHCb

[Antusch, Cazzato, and Fischer (2017)]

* Future prospects

--- Belle
--- LHCb prompt

— DELPHI

5 b
--- LHCb dv run 2]
~=- LHCb dv run 5 = 380 fb_l

1 LHCb dv run 1

SN
N~
ﬁﬁﬁﬁﬁ
‘‘‘‘
-

26



Combination of future detectable range (by hand)

27
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Comr 10'2-
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FCC-ee (B)
[Cveti¢ and Kim (2017)]

[Antusch, Cazzato, and Fischer (2017)]
-8 I | | 1 | L1 1
10

10" 10!
M M [GeV] [Asaka and H.1. (2016)] 27
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*Low scale type-| seesaw
-Majorana scale cannot be determined gauge symmetry

-still available and phenomenologically interesting!
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Conclusions
*Low scale type-| seesaw
-Majorana scale cannot be determined gauge symmetry

-still available and phenomenologically interesting!
* Detectability of HNL at collider

-Meson decays at Belle 1l, LHCDb, and FCC-ee

-Displaced vertex signal due to HNL decay

Hope to find any hints for origin of neutrino mass

at (near) future colliders!!
28



T'hank you
for your attention!







