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OUTLINE

4+ Introduction and motivation
4+ 4D clockwork mechanism
+ 5D clockwork dimension

+ Non-Abelian clockwork

+ Summary

4+ Outlook: some possible directions for BSM model building



MOTIVATION

4+ Physical scales are related to the masses of particles

| 1M, mass of particles
physics scale A ~ —

g coupling

4+ Natural expectation (Dirac’s Naturalness)
g ~ O(1) A=m
e.g. Fermiscale Agw = mw since guw ~ O(1)

+ Exception: 't Hooft's Technical Naturalness, I.e.

g < 1 is natural, if there is an enhanced symmetry when g — 0

e.g. Weinberg op. scale As > m, neutrino mass

(chiral symmetry)
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CLOCKWORK MECHANISM: BASICIDE

Choi-lm: 1511.0013
Kaplan- Rattazz: [511. 0/827

Clockwork mechanism is a dynamical way to generate exponentially
small couplings out of (D(1)quantities in a fundamental theory.

+Imagine a particle A remains massless due to a symmetry H

massless h H symmetry

N +1 massless h G D HNT symmetry



CLOCKWORK MECHANISM: BASIC IDEA

Now Iintroduce an explicit soft breaking of G symmetry at a
mass scale m by a mass-mixing links b/w nearest neighbors.

N +1 sites N symmetry breaking links
N massive h' G /H'broken symmetry
massless hy, H' unbroken symmetry

hg is equally distributed along the chain.

This 1s a deconstruction of a flat extra dimension with a bulk scalar field

Arkani-Hamed, Cohen, Georgi: hep-th/0 104005



CLOCKWORK MECHANISM: BASICIDE

Choi-Im: 1511.00

/
Kaplan- Rattazz: I511. 0/827
Giudice-McCullough: 161

The key ingredient of the clockwork mechanism s that link-spurion
interact with the nearest neighbor sites asymmetrically!

Zero-mode Is smeared out along all sites asymmetrically



CLOCKWORK MECHANISM: BASICIDE

Choi-lm: 1511.00
Kaplan- Rattazz I511. 0/827
Giudice-McCullough: 161

{

Zero-#- 2&(\\[‘\“\(\% Q\\O%\N- atong all sites asymmetrically
© ed—  C

For ¢ >~ zero-mode hg component in % site is



CLOCKWORK SCALAR

Choi-Im: 1511.00132
Kaplan-Rattazzi: 1511.01827

Complex scalar ¢; charged under U(1); global symmetry at j-site!

N—1

(&ch;-@%j — 1Pl — %\qu-quIQ) +el ) (qb;f‘gbg‘ﬂ " h'C')

7=0

.

L

(<
|
S

explicit breaking € <1



CLOCKWORK SCALAR

Choi-Im: 1511.00132
Kaplan-Rattazzi: 1511.01827

Complex scalar ¢; charged under U(1); global symmetry at j-site!

N—1

N
A
=" (mqu-(?“qu — PPl — ZW;%IQ) +efIT Yy (¢§¢§]‘+1 * h'C‘)
j=0 1=
— 21,2 - .
ﬁbﬂ = f— \/ . explicit breaking € — (

Fach site ¢; acquires VEV | and spontaneously break U(1); symmetry.

Effective Field Theory below symmetry breaking scale f

o, —~ fU; =1 eimi/V2f Non-linear sigma model



CLOCKWORK SCALAR

Choi-lm: 1511.00132
Kaplan-Rattazzi: 1511.01827

N N—1
L= Y 000U+ @7 Y (UJUL +he)
7=0 7=0
up to quadratic level U; = o173 /V2f
1 N | N—-1
Lr= 52 0umd'ny = 5E12 3 (5 — gmjn)* + O
7=0 5=0

Mass mixing Is the key feature!



CLOCKWORK N\ECHANISN\

1 —( 0 0
—q 1+¢* —q 0
- 2
MZ-ZJ- — ¢ ! : + ! ’
1+¢* —
0 0 0 —q q°

- = = = L — _ e S — —__—— — ——

One zero-mode and N massive modes! |




CLOCKWORK N\ECHANISN\

O ef

0 Key observation of the clockwork mechamsm |s

1
Oj() ~ — O]]{; ~ 1 L Zojkﬂ-k
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EXPONENTIALLY SMALL COUPLINGS

+ Couple external fields (SM) to the Nth-site
1 TN

L= G, G
1672 f " |
, N
. . o | /
In the mass eigenbases TN ~ —7 7y
1 k=1
N
1 T T ~
L =~ 9 “*t1aG,, GH
oo (5 F)
+ Note that 7 interactions are ¢~ ** suppressed!
fo=q " f>f

+ It 776 s the QCD axion then the PQ symmetry breaking
scale f can be as low as the electroweak scalel



EXPONENTIALLY SMALL COUPLINGS
+ Couple external fields (SM) to the Nth-site

1 TN ~
_ 78%
L= 1672 f G
, N
T -
In the mass eigenbases TN ~
G
ene @’&6(
o 87 ar
1 [ ednd () P
~ — (\4me o) N a0 GMY
/ \Oc\L\NO‘ o O g / "
C,e C ‘ ‘(C\(‘\\e " —
R ‘\a\\“\e(a
+ Note . 74Qoﬂe(\&,,vi actions are ¢~ suppressed!
fo=q " f>f

+ It 77(/) s the QCD axion then the PQ symmetry breaking
scale f can be as low as the electroweak scalel



CLOCKWORK INTERACTIONS

AA, Dillon:1612.0401 |
4+ Clockwork potential for pseudo-Goldstone bosons s

N—1
_ 2 i
Vir)=—ef* > (UJUf, +he.)
7=0

up to quartic level U = i /N2 f
— [2f? 2 ]
'/ 2 € )
j=0 - | _

4+ Clockwork potential in the mass eigenbasis:

N—1

- 242 2
N e f ;o € I
Vir')=>_ 5 Fik Ry T, T, 2(4,)RjklRjk‘2Rjk‘3Rjki47Tk17Tk27Tk37Tk4

j=0 *

Rjr = Ojr —qO0;41.k Rk, Rjk, = m70k,k, Rjo =0




CLOCKWORK INTERACTIONS

AA, Dillon:1612.0401 |
4+ Clockwork potential for pseudo Goldstone bosons Is

V(m) = —e f4z (UJr J+1+h.c.)

up to quartic level S0y

- 2 2
]
a(f&\ m@“

nO S
+ e gert® o

o\
\e3

rthe mass eigenbasis:

e
v 3(6 :&\(\6‘( . 'fé . o 62 [ o,
(7‘ LJ { 2 jkl ij T‘-kl T‘-kg 2(4') jk'l ij jkB jk4ﬂ-k1ﬂ-k2 7Tk3ﬂ-k4

Rjr = Ojr —qO0;41.k Rk, Rjk, = m70k,k, Rjo =0



C LO C I<WO R I< PA R | TY AA, Dillon:1612.0401 |

4+ Clockwork interactions have a very non-trivial feature, they
are “only” allowed for
kl ::kg::kg::...::kd:()
———————EE
by choosing erither + or — for each term.

Analogue to KK-parity selection rules in extra dimensional models!

+ We find an accidental discrete 2999 x Z&Ve™ symmetry in the
interaction terms, under which
ngd - / Y /

/ ___4 . b
M_odd ngen> % 44 M _even ngen/ TN _even

e.g. Interactions terms of the following form are forbidden

)/ /I 1 ! __/
NS YK XRY etc.



GAUGED CLOCKWORK SCALAR

AA Dillon:1612.0401 |

In UV completions, gauge symmetries are preferred over global symmetries.
Here, we provide a clockwork scalar from gauge symmetries.

Fach site has a U(1), gauge symmetry with A“ gauge boson.

Complex scalar fields @, are the link fields.

Gauge Transformations: AZL — Aﬂ — ga,uaj(aj)
po — e 11 By *
¢; — el @@y, (=1 N-1)

¢N N eiozN(x)¢N




GAUGED CLOCKWORK SCALAR

AA, Dillon:1612.0401 |

All @5 acquire VEVs and spontaneously break U(1); gauge symmetry

N +1 Goldstone bosons N gauge bosons
1+ g2 _ .. 0 0 q —q 0 e 0 0
( _; 1+22 . 0 0 \ ﬂﬂ 1+¢* —q - 0 0\
2 2 . . . . 2 2 4 1‘|‘C]2 0 0
Mg = Mia ; ; ; ; Mais =&ma | . : : : : :
0 0 - 1+¢ —q 0 0 0 o 14 —q
\ 0 0 T —q 1+17)NXN KO 0 0 T —q 1)NHMW1
No zero-mode One zero-mode

N gauge bosons acquire mass by the Higgs mechanism, i.e."eating” /V GBs



GAUGED CLOCKWORK SCALAR

AA, Dillon:1612.0401 |

1 massless Goldstone boson remains uneaten: Accidental U(1)cw

A clockwork scalar with gauge bosons as Gears!

Application
Gauged clockwork scalar as an axion where Pecci-Quinn symmetry

s the accidental clockwork symmetry!

Coy-Frigerio-Ibe: | 706.04529
Bonnefoy-Dudas-Pokorski: 1 804.01 | | 2



GAUGED CLOCKWORK: A LIGHT VECTOR

Lee:1708.03564
Craig-GraciaGracia: 1 804.01 | | 2

N Goldstone bosons N Gauge symmetries

N gauge bosons acquire mass by the Higgs mechanism, i.e."eating” /V GBs

A very light clockwork (zero-mode) vector boson
with heavy vector gears!



GAUGED CLOCKWORK: A MASSLESS VECTOR

Giudice-McCullough: 1610.07962

N — 1 Goldstone bosons N Gauge symmetries

A massless clockwork vector boson
with heavy vector gears!



LARGE N LIMIT: A CLOCKWORK DIMENSION

+ In large N limit the discrete site clockwork model can be thought
of as a deconstruction of an extra dimension

ds® = a”(2) (nudatdz” — dz°)

warped factor

where —L < z < L and the geometry is S1/Z2 orbifold.

4+ Consider a bulk scalar field

L
~ [ ' / d2\/g (lgMNﬁMgbaw),
/d4 / dz <—a gb@“qb+ 1a 3 (2 )8ng8z¢>,

rescaling ¢ — a_g/z( )

L
h / d'z / - G%cba% +50"(2) (0.7 2@2)
0




DECONSTRUCTION OF CLOCKWORK DIMENSION

4+ Let us discretize the extra dimension:
z — g4 where ¢ = L/N ist he lattice spacing
(j=0,1,2,---,N)

/Ldz% Zé and dj;( ?) >fj+1(€)€_ /(0) with f(34) = f;
0 2

+ Dlscret|zec scalar action Is

5= [t (1, (000" + 35 3 (a3/2<o>¢ja3/2<e>¢j+l>2)

2 (2 <
J=0 5=0
which can be parametrized as for a(z) = o~ 3kz
1 N N—1 ,
5 /d4 9 Z (au§b3)2 + mi (Qb — Q¢§b]+1)
7=0 5=0




CLOCKWORK MASS SPECTRUM

Giudice-McCullough: 1610.07962
+ Cloc|<vvorl< scalar theory

[ = Zau¢](9’u¢] - = Z ¢’LM§Z§,’L]¢J

2,7=0
2 2 _ _
¢/ — O mgbfn =m - = —
kL . _ - —
1 +
4+ Linear Dilaton Geometry! mass gap
_ 4
ds® = e~ 3% (nwdai“dx” — dzz)

W. m o i - — t —

Mass spectrum in the Large N [imit ontinuum discrete

n2 clockwork clockwork

2 2
¢/_O mﬁbf’n:k ILz

KK-modes (n=1,2,---,N)

mMass spectra



5D GAUGED CLOCKWORK SCALAR

AA, Dillon:1612.0401 |
Linear Dilaton Geometry in 5D

L

1 1

SA — /d433/ dZ €2kz |:—ZFMNFMN 2€ (6MA/L 562]6265(62sz5))2:|
0

Bulk gauge boson: Ay = (A4, As)

2
f2(2) = V2sin (%) , with mi,n = k* (TZT)

5 ks 5 \/§n7r nmz
- 0(2) =Nge ™, and f (2)= cos ( — -
& ma nL L O
|| S 2@/"0 LIA) ||
™M
<|::i N ® <Ci

Zero-mode Is localized towards one of the brane and its coupling
on the other brane would be exponentially suppressed!



5D GAUGED CLOCKWORK SCALAR

. . . AA, Dillon:1612.0401 |
Linear Dilaton Geometry in 5D

L
SA:/d4:U/ dz e?F? —EFMNFMN !
0 4 28

((%A“ €62kza5(62sz5))2:|

Bulk gauge boson: Ay = (A4, As)

. /nmz , N 2
f;?(Z) - \/58111 (T) , Wlth m% d\)e\ f)

Y

(“(\Ode\ © Od6\\' | 7TZ>

- ‘(\4m ’ S

I QeNO T L S

o O O 3

o D i

ﬂ:i N ?D <Ci
L

Zero-mode Is localized towards one of the brane and its coupling
on the other brane would be exponentially suppressed!



NON-ABELIAN CLOCKWORK

AA, Dillon:1612.0401 |

Let us consider a non-abelian global sroup @ at each site, which
spontaneous breaks to H at scale f, giving h@ Goldstones!

G/H=SO(N)/SO(N-1)

massless h? H symmetry
2 = LU,

@  u-

N +1 massless h® GNH D HANH symmetry



CLOCKWO RK CO/\/\POSITE H IGGS

Tr[Z/{TZ/{]qul +hc}
7=0

HNJH qg# 1777




CLOCKWO RK CO/\/\POSITE H IGGS

4+ Clockwork interaction terms breaks all symmetries (perhaps
not bad™) but, ...

4+ Explicit breaking terms cannot be motivated by spurion analysis!

see also Craig et al.:1/704.0/83 |
*Csaki et al.:1811.06019, applied in Linear Dilaton Geometry



CLOCKWO RK CO/\/\POSITE H IGGS

HN—I—l /Hl

4+ Clockwork interaction terms do keep H’ unbroken but

4+ Explicit breaking terms cannot be motivated by linearizead
spurion analysis in a complete UV theory!



NON-ABELIAN CLOCKWORK

AA, Dillon:1612.0401 |

Let us consider a vector-like global group U at each site, which
spontaneous breaks to H at scale f, giving & Goldstones!

G;i/Hj = SUWN), x SUWN),/SUWN),

®; — L;j®;R!

For ¢ # 1 all the G symmetries are explicitly broken in such a way
that preserves the diagonal subgroup. L; = R; = Lj11 = R4

——— e —— e e e ——— — e ——— —

No exact Goldstone modes!



NON-ABELIAN CLOCKWORK

| | AA, Dillon:1612.0401 |
4+ Potential for pseudo-Goldstone modes Is

N-1 5

€
V(D = > [T (I - gll1a)°) - & Tr (I - gTl40)")
=0
! €2q2
2= T (I [[1, T T 0) + e
s e’ Ty
-_— r >
\/q_lefﬂ' \/§€f7r fﬂ-

ACWE\/ q+lefr

After clockwork rotations at tree-level there I1s a massless multiplet.
However, quartic interactions would generate small mass!

€ q
2 2 2
mgears < mgears




NON-ABELIAN CLOCKWORK

| | AA, Dillon:1612.0401 |
4+ Potential for pseudo-Goldstone modes Is

Vi = 3 [P0 (1, — gl )?) — ST (- glly)")

j=0

Afte s, Q0 '« rotations at tree-level there is a massless multiplet.
Howw ver, quartic interactions would generate small mass!

€ q
2 2 2
mgears < mgears




DECONSTRUCTING NON-ABELIAN CLOCKWORK

AA, Dillon:1612.040 |

Linear Dilaton Geometry in 5D

G/H=SUWN)L x SUN)r/SUWN )y

D3-brane
QUBIG-£ (]

/ero-mode i1s localized towards one of the brane and hence its

coupling on the other brane would be exponentially suppressed!



DECONSTRUCTING NON-ABELIAN CLOCKWORK

AA, Dillon:1612.0401|

Linear Dilaton Geometry in 5D

D3-brane

‘\(\’&6( | OV\S“\(\C ~ards one of the brane and hence its

coup 2@Q\‘\Ca&\ _«1er brane would be exponentially suppressed!



SUMMANRY

4+ Clockwork mechanism Is engineered to generate exponentially

small (or large) quantities in theories which have O(1)

parameters!

4+ It provides a concrete example where scales much above Planck

scale can be reac

ned without invoking quantum gravity or

breaking down o

EFT.

4+ Large N Iimit of the discrete clockwork model correspond to an

extra dimension with “linear dilaton geometry’.

+ We extended the clockwork mechanism to Abelian gauged and

non-Abelian models.



OUTLOOK

Many new model buillding possibilities!

4+ (secluded) Dark matter from clockwork dynamics.
Hambye-Teresi-Tytgat: 1 612.064 | |, Kim-McDonald: 1 709.04 1 05, Goudelis-Mohan-Sengupta: | 507:0664 2

4+ Favor and neutrino physics with clockwork mechanics.
Ibarra-Kushwaha-Vempati: 1 /71 1.02070, Patel:1 71 1.05393, Alonso-Carmona-Dillon-Kamenik-Camalich-Zupan: 1 807:06 642

+ Phenomenology of the clockwork gears/KK-modes.
Giudice-Kats-McCullough-Torre-Urbano: 1 71 1.08437

. | .
Clockwork inflation/cosmology. Kehagias-Riotto: 161103316, Long: 1803.07086

+ Continuum Naturalness (top-partners are “unparticles’)
Csakietal :1811.06019

+ “Dictionary” between discrete and continuum clockwork models.



