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Introduction

small number (large hierarchy) problems

tiny neutrino mass neutrino mixings

<b @ o -
0.5MeV
® 0 O

tm\
g) <0.1eV
https://higgstan .com — etc.
new heavy particles? symmetries?

fine tuning?



Introduction

Clockwork mechanism

A natural way to obtain small number (or large hierarchies)
with only O(1) couplings & N fields

W

Giudice and McCullough, JHEP (2017)
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Basic concepts of CW mechanism

. . Teresi, arXiv:1705.09698
an origin of a small number

0.99 X 0.99 X --- X 0.99 = small number
(1) N fields with O(1) couplings

o0ty 3
[l/fo — Y = - —El//n —j—— SM]

1 1 1 (1)"
—_— X — X coo X o > — <<1
q q q g > 1 q

g = 0(1)

(2)SM is coupled to the last field
— effective couplings will be small



Basic concept of CW mechanism

s — \
Yo — ™

wl — coo — Wn - SM

\_ \_ J} .

7 = ZV + LW A LD+ L ow s+ Low

CW sector applications
scalar CW fields axion
fermion CW fields inflation
vector CW fields dark matter
graviton CW fields neutrino masses & mixings

etc.



Contents

- Review of Clockwork mechanism
- basic concept

- scalar CW, fermion CW



10

Scalar Clockwork
~ )¢0—¢1—¢2—"‘—¢n )

_ m’q m’q m’q m’q

(1) N scalar fields ¢y, @1, P, -+, P,

2

(2) »i—¢; coupling: m T

“gearraﬁoﬂ

(3) ¢ — @41 coupling : m%g

gnear — _m2 2 (¢ 6]¢]+1)2 + @(¢4) 1 —q 0

M2=m2 0 —q 1-|—q2

o O O O

— 7 Z ¢z z]§b + @(454)

lJ =0 0 0 0 e g2




Scalar Clockwork

b Ow Qo1 Ou|(a) < massless
¢, _ O O - Op || @
: S : | < massive
¢n OnO Onl Onn Gy

Mass spectrum for large n

m,, ~ m(q+1)

O M?*0 = diag . (mjo, m2., -, m> )

al?

m, ~m(qg—1)

massless state is
hierarchically isolated

ma():()

¢n OnOaO + Onlal palihiie s Onnan



12

Scalar Clockwork

: — ) — @5 1 SM]

m*q m’q m’q mq

\_ J
, kr
¢n: n0a0+01a1+ +O a /lk:q +1—2q008
n+1
1 21 L 2 nk
N a0+z g sSin ~ -
qg* \| g> — g=*" ~\ (n+ D n+ 1

~— effective aO-SM coupling ™

ZLow-sm =1 ¢, SM g> — 1
- —— - ~—<<1
= Low-_sm =Jo do SM | g —q"  q" y

The effective a0-SM is highly suppressed by 1/gn. g > 1
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Fermion Clockwork
Fooocﬁ@ chiral fields ~

—Wio —Wr1 — W1 —Wry — " —Wru—1 — Wrn
L m gm m qm gm

(1) N+1 RH chiral fermions Yro> Wr1> Wr2s ***s WRN
(2) N LH chiral fermions Yo ¥r1-¥r2s == WinN-1
(3) YLi —¥ri coupling: m

(4) YL — YRri+1 coupling : mg

Zhear = Z MWL Wr; — QWLVRi+1) = WMy we omit h.c.
i=0



Fermion Clockwork
ooy
Yro — Wio — Wr1 — " — YIN-1 —E//Rn }—SM]
mass eigenstates Wro Ow Ooi = Ouu) (xro
we = Upyp YRt | _ O O - On || Xk
l//L UL)( L VRn O.nO O.nl -t Onn ARn
opeft C] — 1 . effective xro-SM coupllng ~N
CW-SM — _on
q*—q g° — 1
~ n —2n ~ _n <l
= Jo Xro SM 9" =4

_J
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neutrino masses and mixings

problems in neutrino physics
(1) tiny masses (2) mass ordering (3) Dirac or Majorana

(4) mixing pattern and so on.
(.I )tiny masses % https://higgstan.com
0.5MeV
KATRIN, PRD (2019) m<1.1eV =
Planck (2018) Y m<0.12 eV 0oy

heavy neutrino(s) loop ~ small



nheutrino masses and mixings "°

(2) mass ordering

nhormal

(3) Dirac or Majorana

neutral v — Majorana?

Inverted

A global analysis
shows a preference
for normal mass
Ordel‘ing. Salas et al., PLB (2018)
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Salas et al.,Front.Astron.Space Sci (2018)
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neutrino masses and mixings

(4) mixing pattern

. mixing matrix U
flavor mass matrix m

myy MmMyy M3 m 0 0
—|my; mpy, ma|l=y0T| 0 O\U
m 11 12 13 m,
mp; nMyy Nyj 0 0 my

mass matrix 0 X X X B B €11 €12 €13

+1ley 6, €
textures X X X B C D 21 €22 €23
X X X B D C €31 €32 €33

Xing, PRD69 (2004) Liao, et al, PRD87 (201 3)

A B C Z3, Ay, 53, 545 COOQQ‘ ’Q}
B D A+C—-D]|+e¢
C

A+C-D B-C+D and so on.

Gautam & Kumar, PRD94 (2016)
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neutrino masses and mixings

In this seminar
(1) tiny masses — Clockwork
(2) mass ordering — normal ordering
(3) Dirac or Majorana — Dirac (easy for CW )

(4) mixing pattern — Clockwork

From neutrino oscillation experiments

0.824m,  0.547m, 0.147m;)  /Our >~

m=|-0495m, 0569m, 0.657ms| / Obtg,, ;;?n!
0.275m; —-0.614m, 0.740m Sm
1 2 3 mGCh asg m
e ‘ a ~ atr.
my =1/7.50x 1075+ mf eV ~smy T

my =1/2.524x 107 + m} eV
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Tiny neutrino mass

one generation

one CW chain Yrn Uy

o XY \Y// SM

. h

Y g =1 right-handed neutrino
is identified with xro

ex) n=25 Y=1

vy
q=3 v = 246GeV Vo~ o~ 0deV



Tiny neutrino masses

three generations [w/o mixings

three CW chains

ZLew-_sm = — Y HDLl/f;gni @
KW ™ K i | N r SlM\
l
vho— v | [ Ve [ 4
: Y
2 2 )
Wro = *** — Wrn, \/ v
4> ;
3 3
l/j — 00 WR 7
N s\ h )L
common Yukawa
| 1
1f}1£=\/L i Y ~ryv— Y K]

ni —2nl‘
di qf — q;

n.
q;’

23
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neutrino Mmixings

Two ways

. Zcw-sm origin . pure CW origin |

Ibarra et al., PLB780 (201 8) T.K., PRD100 (2019)
based on Ibarra’s model

2 _ _

n 2 ~ a n, _on,
qﬁﬁ\ Qﬁz — 4 K qaﬁﬁ\ qgﬁ — Yup o

maﬂ:V

pure CW CW-SM pure CW
small masses mixing pattern masses & mixings
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mixings:CW-SM origin
w/0 mixings

FW R ﬁCW'SM F ) 2 sv

1 1 an- VL
Wro = = Vi, z y
2 2 Y
—_— e — , 2
l/jlgo ll/l;"z \E{o?mon )
g Wio — *** — WRnU Yukawaj v
\_ h _ y
w/ mixings lbarra et al., PLB780 (2018)
KW — CW-SM—— L
WRO e eee — ]/jRnl l/jRnﬁ Yaﬂ Uy DI}
2 2
Wio = " = Win g ¥
3 3 :
WRO - T an3 ; DZBJ
- AN o)




mixings:CW-SM origin

Zew-sm =~ 1* HL%‘//Rnﬂ — Lew-sm = = YPHL] 1

2
— 1
M=V I qﬂ . Yaﬂ
Uy \Qﬁ dp
pure CW : small masses CW-SM : mixing pattern

ex) two RH neutrinos

91 =¢q, = 1.79 0.49 0.89)  observed neutrino

Y=1362 1.27 . .
_ _ masses and mixings
ny =ny =352 361 2.54 9



mixings:CW-SM origin”

1 q5 — 1 pure CW : small masses

maﬁ =V
CW-SM : mixing pattern

qﬁﬂ Qﬁz — 4

|Y,5] =1 democratic Yukawa

my, My, M3 0.824m;  0.547Tm, 0.147m;
— m= My My myz| # |—-0495m; 0.569m, 0.657m,
i M2 M3 0.275m; —0.614m, 0.740m,

We can not obtain‘ correct mixing by’only pure CW séctor’ '
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Yro — °°° — YR,

2 P
WR;)O A J— W§n2
WRO -t T an3

_ Y

mixings:pure CW origin

lbarra et al.

m 3l

- CW-SM PR ~Z snm
anﬂ UL 1/1
: v
\_ h J _ y
TK., PRD100 (2019)
CW-SM A
Kl//ﬂ ya ™ ~ slM\
\Y// 2
; vr
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: Yukawa vr
\_ h N y




mixings : pure CW origin™

i A
1 1 | T )
l// Y q— l/j 1 2 3
150 q11 I§n11 YRn, > YR,y VRn,; Y VLl
l//RO o é. o l/jRnlz \/ I/l
3 5 "
Q//RO g3 YRn, L W,
4 4 4 5 6
@RO q Wanl anzl’ Wanz’ anB v? \
s _ s SO
— o 00 — > 2




mixings : pure CW origin™
e \ N

1
e — 1 2 3
lljlzeO di1 wfénn YRny» YRnyy YRy, Y ’/Ll U}
7RO T G5 ™ ¥Rny \/ L
3 3 E
l//RO_ _l/jRn h

My Moy Mpyy

2
Y qi — 1
M1 M+~ M q”ll 2 —2ny
[ 11 12 13J 11 411 — 411
m:

M3y M3y Maj

Y g — 1
My = V- 112 9) —2ny,

J, a1 f(nyn,q10) f(ny3,443) 912" \ 412 — 412
= | [, 421) J(Ny0,G2p)  f(1)3, Go3) 3
J(n31,q31) f(n3,q3) f(n33,q33) Y \/ qi3— 1




mixings : pure CW origin™

My My My | = | f(ny1,921) f(N22,G20) f(53,G23)
M3 M3y M33 f(n31, 931 f(n30,q3)  f(n33,G33)

[””11 my, m13] S a) f(2.q10) f(ng3, 413)
m =

fl//4 __l//4 \@4 WS W6 ) o
RO q Rn,, Rny > T'Rnyy® 7' Rny;, v
5 21 5 \Y// L
— [ I ) — > 2
— o0 0 — 6
T e — 7 3 9
l/jgo q31 w§n31 l//Rn319 l/jRn329 l//Rn33 Y 1/2 ;
VRO ™ 3, ™ VRny ; g
Wro = iy, ™ Vn h
33 3 )\ )




mixings : pure CW origin™
. N OWSM—— 7

1 | 1%
2 2
WRO e eee — ]//an \\/ I/Lz
: 3
9 .. _ .9 5 lr
- WRO l/jRn9 ) K h J - Y
2
2 — 1
— Y 9ap ~ 1 —> M, =1V - : dap
Map = V- Nap —2n v q i 2 — g
Dap \qc%ﬁ — 4up 7Y, aff | =1 ap \qaﬂ Dap
pure CW origin
Sy a1 f(ngo,q12)  f(ng3, 413) 0.824m;  0.547m,  0.147m;



mixings : pure CW orlgin

universal n case 7 = 50 4911 4912 413 1.841 1.845 |
421 4922 49231 =11.860 1.844 i 789
1 431 432 433 1.882 1.841 1.785

— observed masses and mixings

e eee — L5 | | |
WRO qzl l/jRn n =50 m,=0. 001 eV —
1/15 —_ ... _,//5 4t m1_00056¥+ -
m,=0.01 e
IéO 122 Ign 3.5 |- m,=0.03 eV -
Yro ~ g~ YRn 3| )
7 473 -
Voo "y, Ve P |
8 — 0 0 0 8 z = e — /‘ék\i/\f
WISO q32 l/jgn 1.5 L | | | | | | | -
l//RO — e — l//Rn ql1 g12 gi13 g21 g22 923 931 g32 g33

433 ap
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mixings : pure CW origin

Ny Ny Ny 44.06 4424 44.18
oy Ny Ho3 | = 14479 44.19 42.03

1 1
Wpo — g YRay; n3p Ny N33 45.64 44.08 41.85
2 2
YRo q YRy — observed masses and mixings
3 — o 00 — 3
l/jRO q an13 B
4 4
w B B W 70 ! ! ! | | !
I§O q I§n21 q=2.0 m,=0.001 eV —<—
Woo — 20 — W 65 I ' m;=0.005eV —x—
RO q Rny, 60 | m,=0.01 eV -
6 6 55 |- m,=0.03 eV |
WRO - 'éo - WRn23 50 - /\ .
8 — o 00 — 8
WRO q WRn32 gg I | | | | | | | ]
]7[/]20 — q — 1/12@3 n11 n12 n13 n21 n22 n23 n31 n32 n33

Nag
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Summary
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clockwork mechanism W

A natural way to obtain small number (or large hierarchies)
with only O(1) couplings & N fields

heutrino masses
fwﬁ’% .
WRO ) o WRI’ZI
l/jRO - o anz
9 i
V(RO WR@

& mixings

a . naﬁ —2na
qaﬂ \qaﬁ qaﬁ ’

— observed masses
and mixings



Thank you for your attention.
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