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Prologue: making numbers small dynamically Relaxion mechanism

Naturalness from a reIaXion [Graham, Kaplan, Rajendran, *15]

@ slow-rolling pseudo NG boson: relaxion ¢, slope from gA%¢
@ relaxion-dependent H mass term: (A*> — gA¢) H'H

@ backreaction when H vev: fZ m2 (v) cos(¢/f)

@ —> v < A dynamically selected:

V(¢)

oA = N
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Prologue: making numbers small dynamically

Clockworking the relaxion

@ it requires tiny g, e.g. g = O(v/A)* = 107
@ technically natural, NG shift symmetry for g — 0, but still ...

@ it requires trans-planckian A¢
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Prologue: making numbers small dynamically Relaxion mechanism

Clockworking the relaxion

it requires tiny g, e.g. g = O(v/A)* = 107
@ technically natural, NG shift symmetry for g — 0, but still ...
@ it requires trans-planckian A¢
@ Solution: [choi, Im , '15; Kaplan, Rattazzi, '15]
@ g from much larger period F > f:
—LD [AZ — A*cos (% + a)]HTH — Acos (% + a) — mig(v) cos?
= g=A/F

o F = 3" ¢ from clockwork chain:

—LDe(Pf0]+ B[] +... + O] B}) + %Gé + q}”Gé
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Prologue: making numbers small dynamically Clockwork mechanism

Get rid of the relaxion, keep the clockwork

@ the last step itself is sufficient to generate hierarchies! (Giudice, McCullough, 16]

@ clockwork mechanism — an elegant and economical way to generate tiny
numbers/large hierarchies X with only O(1) couplings and N ~ log X fields

@ a framework for model building: [Giudice, McCullough, '16; Giudice, McCullough, DT, in prep.]

@ low-scale invisible axions [Giudice, McCullough, '16; Farina, Pappadopulo, Rompineve, Tesi, '16]
hierarchy problem [Giudice, McCullough, '16]

neutrino physics [Hambye, DT, Tytgat, '16; Carena, Li, Machado x 2, Wagner, '17]

inflation [Kehagias, Riotto, '16]

SUSY [Giudice, McCullough, DT, in prep.] and SUGRA [Kehagias, Riotto, '17; Antoniadis, Delgado,
Markou, Pokorski, '17]

... [not cited here for brevity]
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Get rid of the relaxion, keep the clockwork

@ the last step itself is sufficient to generate hierarchies! (Giudice, McCullough, 16]

@ clockwork mechanism — an elegant and economical way to generate tiny
numbers/large hierarchies X with only O(1) couplings and N ~ log X fields

@ a framework for model building: [Giudice, McCullough, '16; Giudice, McCullough, DT, in prep.]

@ low-scale invisible axions [Giudice, McCullough, '16; Farina, Pappadopulo, Rompineve, Tesi, '16]
hierarchy problem [Giudice, McCullough, '16]

neutrino physics [Hambye, DT, Tytgat, '16; Carena, Li, Machado x 2, Wagner, '17]

inflation [Kehagias, Riotto, '16]

SUSY [Giudice, McCullough, DT, in prep.] and SUGRA [Kehagias, Riotto, '17; Antoniadis, Delgado,
Markou, Pokorski, '17]

... [not cited here for brevity]

o dark matter [Hambye, DT, Tytgat, '16] (used in this talk to explain main features)
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Prologue: making numbers small dynamically Clockwork mechanism

Get rid of the relaxion, keep the clockwork

@ the last step itself is sufficient to generate hierarchies! (Giudice, McCullough, 16]

@ clockwork mechanism — an elegant and economical way to generate tiny
numbers/large hierarchies X with only O(1) couplings and N ~ log X fields

@ a framework for model building: [Giudice, McCullough, '16; Giudice, McCullough, DT, in prep.]

@ low-scale invisible axions [Giudice, McCullough, '16; Farina, Pappadopulo, Rompineve, Tesi, '16]
hierarchy problem [Giudice, McCullough, '16]

neutrino physics [Hambye, DT, Tytgat, '16; Carena, Li, Machado x 2, Wagner, '17]

inflation [Kehagias, Riotto, '16]

SUSY [Giudice, McCullough, DT, in prep.] and SUGRA [Kehagias, Riotto, '17; Antoniadis, Delgado,
Markou, Pokorski, '17]

... [not cited here for brevity]

o dark matter [Hambye, DT, Tytgat, '16] (used in this talk to explain main features)

@ dark matter cosmologically stable if decays by dim-5 (A > Mp.), dim-6
(A ~ Mgur), tiny couplings = all difficult to test

@ clockwork mechanism — dark matter cosmologically stable although it
decays into SM via O(1) interactions with TeV-scale particles!

@ large interactions = dark matter is a thermal relic, i.e. a WIMP
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Chapter 1: how to do multiplications in QFT

The clockwork mechanism

Based on the simple observation that:
1/2 x 1/2 x 1/2 x 1/2 x ... x 1/2 caneasily be tiny
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Chapter 1: how to do multiplications in QFT

The clockwork mechanism

Based on the simple observation that:
1/2 x 1/2 x 1/2 x 1/2 x ... x 1/2 caneasily be tiny

Use a chain of N fields

b0 1/q o1 1/q o 1/q 3 g .. _1/a on SM

if clever symmetry — ¢y~ o =  dugw —SM ~1/q% (g > 1)
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Chapter 1: how to do multiplications in QFT The clockwork mechanism

The clockwork mechanism

Based on the simple observation that:
1/2 x 1/2 x 1/2 x 1/2 x ... x 1/2 caneasily be tiny

Use a chain of N fields

o 1/q o1 1/q o 1/q &3 Yg . 1/ on SM

if clever symmetry — ¢y~ o =  dugw —SM ~1/q% (g > 1)

For fermions use chiral symmetries

Ro-m Ly R . L, R ™ I3 Ry _m_ ..._m™ Iy Ry _—_ Lsy
~——— ~—— —— N——

qm qm qm gm
light N~ Ry = N —Lgy~1/q"
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Chapter 1: how to do multiplications in QFT The clockwork mechanism

Clockwork scalar

@ For scalars, use a chain of N 4+ 1 symmetries: U(1)o x U(1); x ... x U(1)w

@ broken by N spurions m; = m* with ~ Qx(mi) =1,  Quyi(m;) = —q (g > 1)

2 N—1

(Ul UL, + hc.)
0

[N]

ul m’f
2
QL= —— E |6Uk| +

k=0 k=

2 N—1

o for the Goldstones ¢, Uy ox e®//:  —L£ > m? > (- abir)’
k=0
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Chapter 1: how to do multiplications in QFT The clockwork mechanism

Clockwork scalar

@ For scalars, use a chain of N 4+ 1 symmetries: U(1)o x U(1); x ... x U(1)w

@ broken by N spurions m; = m* with ~ Qx(m;) =1,  Qupi(mi) = —q (¢ > 1)

2.0 N—1

ik L
- EZ|aUk 5 ; (Ul UL, + hc.)

k=0

[N]

2 N—1

o for the Goldstones ¢y, Uy o e®//:  —r > ™ Z bk — q¢k+1
. . Ok — 23
@ unbroken U(1) with 9 =" = massless oo =N g
k k

N e —

o . .
For instance, if £ D Tom 2f 16 2F

GG with F= f >>f
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Chapter 1: how to do multiplications in QFT

Clockwork dark matter Hambye, o, Tytgat, *16]

@ chiral symmetry group:
U(I)RO X U(I)Ll X U(I)Rl X ... X U(I)LN X U(I)RN with U(I)RN = U(I)LSM

@ scalars:
Si ~ (—1, 1) under U(I)Ri X U(I)LH_] Ci ~ (1, —1) under U(I)Li X U(I)Ri
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Chapter 1: how to do multiplications in QFT Clockwork fermion

Clockwork dark matter Hambye, o, Tytgat, *16]

@ chiral symmetry group:

U(I)RO X U(I)Ll X U(I)Rl X ... X U(I)LN X U(I)RN Wlth U(I)RN = U(I)LSM

@ scalars:
Si ~ (—1, 1) under U(I)Ri X U(I)L,-_H Ci ~ (1, —1) under U(l)Li X U(l)Ri

@ chain of fields:

Ry Si Ly G Ry S L G A Cn Ry Lsm

@ clockwork mechanism when scalars acquire a vev:

m = ys(S;) gm = yc(Ci)

@ Majorana mass my for Ry, eigenstate N =~ R, is the dark-matter candidate
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Chapter 1: how to do multiplications in QFT Clockwork fermion

Clockwork fermion

@ the Lagrangian is

N
L = Lsm + Liinetic — Z (ySSiZ/iRi—l — ycCiLiR; + h.c.)

i=1

—_—

— (yZSMFIRN + h.C.) — (mNITSRo + h.C.)

2
@ after the scalars acquire vevs m = ys(S:), gm = yc{(C;):
N

LD —m Z (Z,‘Ri_l — quRi) — %ITBRO + h.c.

i=1
@ for my = 0, the “right-handed” mass matrix satisfies MM = M2,

@ clockwork mechanism for my $ gm  (for ¢ > 1)
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Chapter 2: how clockwork matter became dark Clockwork dark matter

The spectrum

Take g > 1 for simplicity
N =15,9=10., my/m=5.0

@ the dark-matter Majorana fermion N with mass ~ my: mym

1 1 1
q q q

@ a band of N pseudo-Dirac v; with mass ~ gm: 8r

1
(RS NI ; O(1)Li + O(1)R«

4} Unry = 6.9x107

@ N scalars S; and C; expected in the same mass range 2f
(not necessarily dynamic, but not discussed here)
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Clockuork dak mate
The spectrum

Take g > 1 for simplicity
N =15,9=10., my/m=5.0

@ the dark-matter Majorana fermion N with mass ~ my: mym

1 1 1
q q q

@ a band of N pseudo-Dirac v; with mass ~ gm: 8r

1
(RS NI ; O(1)Li + O(1)R«

4} Unry = 6.9x107

@ N scalars S; and C; expected in the same mass range 2f
(not necessarily dynamic, but not discussed here)

L
. . . N suh > oh N\ S,h
Relevant sizeable interactions: -- -- el
Vj W N
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Chapter 2: how clockwork matter became dark

Cosmological (meta)stability of dark matter

Ry 260 1, (€0 Ry »5882) [, yelC) . yekN) Ry _¥h Ly

N can decay, e.g. N — vh,vZ,IW, but
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Clockuork dak mate
Cosmological (meta)stability of dark matter

Ry 260 1, (€0 Ry »5882) [, yelC) . yekN) Ry _¥h Ly

N can decay, e.g. N — vh,vZ,IW, but
The coupling of dark matter to SM fermions is clockwork suppressed:

LD — lN LovHNg
q

Dark matter cosmologically stable

The decay lifetime of N longer than the age of the Universe with O(1) couplings and

< TeV-scale states
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Clockuork dak mate
Cosmological (meta)stability of dark matter

Ry 260 1, (€0 Ry »882) [, yelC) . yelov) Ry _¥h Loy

N can decay, e.g. N — vh,vZ,IW, but
The coupling of dark matter to SM fermions is clockwork suppressed:
LD — lN Loy HNx
q

Dark matter cosmologically stable

The decay lifetime of N longer than the age of the Universe with O(1) couplings and
< TeV-scale states

. . . 2, 50 m 2
@ indirect detection => ¢*¥ > 1.5 x 107 (&%) y

for example: my ~ 100GeV,y ~ 1, g ~ 10, N ~ 26
o effect of clockwork gears ); in loop diagrams also clockwork-suppressed
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Chapter 2: how clockwork matter became dark Phenomenology

Scenario A: mg < my

Dominant process: ms, = 150 GeV
N S;
—>—7---" 3000}
Vi

LI 51 =’ 10004

(2. L
from N ~ Ry, ¥; D L, g :
and Vs S1Z1R0 500 :
not clockwork-suppressed!

200}

= Nis a WIMP
perturbative ys < v4m ~ 3.5
= N and v light enough ys needed for correct Qpy
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Scenario B: my < mg and 2my < mg + my,

Dominant process:

N Sl h
—_—— -

Y x
N S; h

— X~ -

(ysOs)*

0s < 0.4 from colliders

ys non-perturbative for universal 6s:

0s < 0.4/vV/N

it works also near the 7 and S
resonances, for universal 6s too

Daniele Teresi

450

400

my, [GeV]

150 250
my [GeV]

ysfs needed for correct Qpu

A Clockwork Tale 11/26



Chapter 2: how clockwork matter became dark

Other limits and prospects

@ Indirect detection: annihilation is p-wave, but decays N — hv monochromatic
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Chapter 2: how clockwork matter became dark Phenomenology

Other limits and prospects

@ Indirect detection: annihilation is p-wave, but decays N — hv monochromatic

@ 1; in the hundreds of GeV range, coupled via y Lsy HRy and 1 D Ry
— pseudo-Dirac RH neutrinos in the observable range, y sizeable

EWPT: |B),|* = y2v2/(2mfp) 51073

LFV: BR(p — ev) ~ 8 x 107#|B,¢|? |B,w|> < 4.2 x 10713
o direct L-conserving searches: up to m,, ~ 200 GeV with 300 fb~! [Das, Dev, Okada, '14]

if my<€my, L-violating searches: up to m,, ~ 300 GeV with 300 fb~!
[Deppisch, Dev, Pilaftsis, '15]

Daniele Teresi A Clockwork Tale 12/26



Chapter 2: how clockwork matter became dark Phenomenology

Other limits and prospects

@ Indirect detection: annihilation is p-wave, but decays N — hv monochromatic

@ 1; in the hundreds of GeV range, coupled via y Lsy HRy and 1 D Ry
— pseudo-Dirac RH neutrinos in the observable range, y sizeable
o EWPT: [Biy|> = y2v2/(2mfp) 51073
o LFV:BR(u — ey) ~ 8 x 107*|B,y|?* |Byw|? <4.2x 1071
o direct L-conserving searches: up to m,, ~ 200 GeV with 300 fb~! [Das, Dev, Okada, '14]

o if my<my L-violating searches: up to m,, ~ 300 GeV with 300 fb~!
[Deppisch, Dev, Pilaftsis, '15]

@ In scenario B S; needs to have large mixing with £, in A it can
— limits and searches for scalar singlets [Falkowski, Gross, Lebedev, '15; Robens, Stefaniak, '15]

o for mg < 500GeV: 65 < 0.3 — 0.4 from direct searches
o formg > 500GeV: 05 < 0.3 — 0.4 from EWPT
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Chapter 2: how clockwork matter became dark Phenomenology

Majorana neutrinO masses [Hambye, DT, Tytgat, '16]

@ SM leptons interact with TeV-scale «; with large Yukawas = huge m, ???

@ Clockwork at work: if there were no Ry => no chiral partner for vs
but effect of Ry has to go through the whole clockwork chain:

mp

m, ~
¢Nmy

@ suppression here is smaller than for DM: g = 10,my = 1TeV = N~7
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Chapter 2: how clockwork matter became dark Phenomenology

Majorana neutrinO masses [Hambye, DT, Tytgat, '16]

@ SM leptons interact with TeV-scale «; with large Yukawas = huge m, ???

@ Clockwork at work: if there were no Ry => no chiral partner for vs
but effect of Ry has to go through the whole clockwork chain:

mp

m, ~
¢Nmy

@ suppression here is smaller than for DM: g = 10,my = 1TeV = N~7
@ > 2 nonzero m, —> at least 2 clockwork chains
@ a suggestive possibility: 1 chain for dark matter, 2 chains for neutrino masses

@ + resonant leptogenesis? Starting from 2 degenerate, a small mass splitting
can be generated by interactions with the clockwork gears...

@ many model-building variants (not discussed here)
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Chapter 3: one more dimension

Clockwork from a flat extra dimension (Hambye, o, Tytgat, *16]

@ the clockwork Lagrangian can come from a discretized 5th dimension

@ flat-spacetime construction for fermion:
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Chapter 3: one more dimension Flat extra dimension

Clockwork from a flat extra dimension (Hambye, o, Tytgat, *16]

@ the clockwork Lagrangian can come from a discretized 5th dimension
@ flat-spacetime construction for fermion:

@ 1 Dirac fermion with mass M in the 5D bulk — L;, R;
s — 1 /- — —
Ls DY(idp — M)y = iyy" o, + [5 (LazR — (8zL)R) — MLR + h.c.]

@ + Wilson term —g Oz Oz = —g 0zL 7R removes 1 hopping direction

@ to get light mode: orbifold with Dirichlet b.c. L(0) =0
(1 spare chiral fermion on one brane — Ry)

@ SM chiral leptons on the other brane — Lgy

Daniele Teresi A Clockwork Tale

14/26



Chapter 3: one more dimension Flat extra dimension

Clockwork from a flat extra dimension (Hambye, o, Tytgat, *16]

@ the clockwork Lagrangian can come from a discretized 5th dimension
@ flat-spacetime construction for fermion:

@ 1 Dirac fermion with mass M in the 5D bulk — L;, R;
s — 1 /- — —
Ls DY(idp — M)y = iyy" o, + [5 (LazR — (8zL)R) — MLR + h.c.]

@ + Wilson term —g Oz Oz = —g 0zL 7R removes 1 hopping direction

@ to get light mode: orbifold with Dirichlet b.c. L(0) =0
(1 spare chiral fermion on one brane — Ry)

@ SM chiral leptons on the other brane — Lgy
N—1 1 N 1
@ discretized Lagrangian £ — LR — ~+M) LR
grangian £5 3 L Lok~ 3 (1 + )

i=0 i=1

@ clockwork with m = é, qgm = é +M, §'= (1 + %)N — ™M
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Chapter 3: one more dimension Curved extra dimension

Clockwork from the metric (Giudice, Mcculiough, *16]

@ curved-spacetime construction for scalar:
@ curved metric ds* = X(|Z|) dx* + Y(|Z|) dZ*

@ massless scalar in the 5D bulk:

§= —ZARdZ/foTg%gMNaM¢6N¢= —/ORdZ/d“xXZY‘/Z[

@ discretized Lagrangian:

le/ZY-l/4

N—1
. X
£> me(@ — gidi1)’ with mf = afl 4= )(1/27;1/4
=0 . .

FASESAS|
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Chapter 3: one more dimension Curved extra dimension

Clockwork from the metric (Giudice, Mcculiough, *16]

@ curved-spacetime construction for scalar:
@ curved metric ds* = X(|Z|) dx* + Y(|Z|) dZ*

@ massless scalar in the 5D bulk:

R R 2 2
3:—géﬂ/fmﬁg%ﬁﬂmm¢=iéﬂ/fmwmvﬁw4ﬂ&@

X Y

@ discretized Lagrangian:

N—1 X X1/2Y1/4
L2 mi(¢—aqsin) withmf = =2, ¢ =21 L
; a*y; x!/2yl/
Jj=0 JH1Tj+1

@ clockwork if X; o< ¥;
finite for N — oo if X; o ¥; o e 3%/
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Chapter 3: one more dimension

The clockwork metric

@ in the continuum: ds* = 3% (d® + dz%)
@ Kaluza-Klein modes for massless scalar

Yo(Z) ~ VkrnRe *™ % o et

I

Uu(Z) = e ** x oscillatory j—IZ) = oscillatory

I
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Chapter 3: one more dimension Curved extra dimension

The clockwork metric

. . 4
@ in the continuum: ds* = ¢3! (dx* + dz?)
@ Kaluza-Klein modes for massless scalar

Yo(Z) ~ VkrnRe *™ Z—; o et

I

. dP .
Uu(Z) = e ** x oscillatory 7 oscillatory

I

@ what about Large Extra Dimension or Randall-Sundrum?

mj qj
LED 1 1
a
RS ! ekai gka
a
clockwork 1 eka
a
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Chapter 4: clockwork naturalness

Clockwork graviton

@ discrete clockwork: N + 1 copies of 4D gravity g/”
@ linear approximation: g/ = n/" + 21" /M;

@ clockwork Pauli-Fierz mass terms

N—1
m2

SIS (I = M b — gREP)

j=0

L=
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Chapter 4: clockwork naturalness Clockwork gravity

Clockwork graviton

@ discrete clockwork: N + 1 copies of 4D gravity g/*”
@ linear approximation: g/ = n/" + 21" /M;

@ clockwork Pauli-Fierz mass terms

N—1
m2

L= (I = gl = (i — )P

j=0
. . 17 1 v v
@ invariant under 1" — h" + E(WA + 9VA")

@ —> massless graviton /" localized at j = 0:

1 1 q" My

— Ty, — —bpi"T,, with Mp=
My N tp Mpbo iz P N

@ but...
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Chapter 4: clockwork naturalness Clockwork gravity

Clockwork graviton

@ discrete clockwork: N + 1 copies of 4D gravity g/*”
@ linear approximation: g/ = n/" + 21" /M;

@ clockwork Pauli-Fierz mass terms

N—1
m2

L= (I = gl = (i — )P

j=0
. . 17 1 v v
@ invariant under 1" — h" + g(a”A + 9VA")

@ —> massless graviton /" localized at j = 0:

1 1 q" My

— Ty, — —bpi"T,, with Mp=
My N tp Mpbo iz P N

@ but... multi-gravity theories are dodgy — continuum limit
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Chapter 4: clockwork naturalness Clockwork gravity

The metric from the linear dilaton

@ we want massless 5D gravity with a clockwork metric ds* = 3%l (ax* + dz?)
@ clockwork gravity — metric should not be treated as a background

@ can we obtain the metric?
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Chapter 4: clockwork naturalness Clockwork gravity

The metric from the linear dilaton

@ we want massless 5D gravity with a clockwork metric ds* = 3%l (ax* + dz?)
@ clockwork gravity — metric should not be treated as a background
@ can we obtain the metric?

@ linear dilaton model (Jordan frame):

3
S— / fde\/i—g% eS(R + ¢"™0uS NS + 4) + brane As

2

@ k breaks global Weyl guy — ¢™"* gun, S — S+ 3«

@ go to Einstein frame, solve EoMs:
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Chapter 4: clockwork naturalness Clockwork gravity

The metric from the linear dilaton

@ we want massless 5D gravity with a clockwork metric ds* = 3%l (ax* + dz?)
@ clockwork gravity — metric should not be treated as a background
@ can we obtain the metric?

@ linear dilaton model (Jordan frame):

3
S— / fde\/i—g% eS(R + ¢"™0uS NS + 4) + brane As

@ k breaks global Weyl gyy — ™2

“gmn, S— S+ 3
@ go to Einstein frame, solve EoMs:  § = 2k|Z|, ds* = e:“% (d + d7%)

@ in Jordan frame gun = nuwn, but Planck mass exponentially varying
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Chapter 4: clockwork naturalness

A solution to the hierarchy problem

7R 3
o effective 4D Planck mass: M; = 2M§/ dz e = %(ez"m —1)

0 k

4

@ 4D graviton fluctuations: ds*> = ¢3! [(mw + ﬁhw) dxt'dx” + dzz}
5

@ action: S = —% /d4dee2"|Z| [(akhw)(aAh‘“’) + (Bzhw)(azh‘“’)]
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Chapter 4: clockwork naturalness Clockwork gravity

A solution to the hierarchy problem

7R 3
o effective 4D Planck mass: M; = 2M§/ dz e = %(ez"“e —1)
0

@ 4D graviton fluctuations: ds* = = 5t {(mu + %hw) dxt'dx” + dzz}
MS

@ action: S = —% /d4dee2"|Z| [(akhw)(c’)Ah"”) + (azhw)(azh‘“’)]

W (x,Z = 0) Tt (x Z i TSM( )

with
M2

[*] ESM atZz =0:
Ao=Mp, A2=M:nR(1+KR*/n?)

@ the cutoffisMs — m, = O(Ms) < Mp — solution to hierarchy problem

@ fork=1TeV,Ms =10TeV — kR~ 10
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Irre  Clockwork mass splitting:
In t] )
Plaj en by:
4 n? >
M; cR)?
3
W
Soi cliel ys be
par 2 h the
wed S
1
01 5 10 50 100 500 1000
This " lEOTY.

[ slide by M. McCullough ]
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Chapter 4: clockwork naturalness

Phenomenology

At colliders would look something like:

PP-VY, M5=5 TeV, k=500 GeV 'i'eVA |13 TeV, 300 fb~"
10° — BG —
Schematic illustration! —— Signal —
— Signal+BG
£ 1000
:E = n
2 =)=
10
0.1 . N _
50 1000 2000 Continuum
my, [GeV] —  Clockwork
Most interestingly, due to splittings,
signal appears to “oscillate”. Thus get Can search for continuum
extra sensitivity by doing spectral spectrum at high energies.
analysis... The “power spectrum” of LH .
viand POWersp © [ slide by M. McCullough ]
data!
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Chapter 4: clockwork naturalness

Phenomenology

The fourier transform would then exhibit a peak
near the inverse radius:

P (%]
s o

A

[ slide by M. McCullough ]
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Epilogue:
Scrambling the clockwork



Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the CIOCkwork? [Craig, Garcia Garcia, Sutherland, *17]

@ Disclaimer: I'm simplifying the argument

@ Definition of clockwork: a theory with no exponential hierarchies in
fundamental parameters that gives rise to exponentially suppressed
site-dependent couplings to symmetry-protected zero mode
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Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the CIOCkwork? [Craig, Garcia Garcia, Sutherland, *17]

@ Disclaimer: I'm simplifying the argument

@ Definition of clockwork: a theory with no exponential hierarchies in
fundamental parameters that gives rise to exponentially suppressed
site-dependent couplings to symmetry-protected zero mode

@ Claim 1: no clockwork from geometry

@ for a scalar in curved clockwork metric: 1y = const. = Cy

. 7 -2 _Ga N GG
@ coupling on a brane at Z = Z: 1671'2f5DGG = 16:2FCC

3/2
with F = 217 /Co = My, <%) independent on Z, —> no clockwork
5
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Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the clockwork? [Craig, Garcia Garcia, Sutherland, "17]

@ Disclaimer: I'm simplifying the argument

@ Definition of clockwork: a theory with no exponential hierarchies in
fundamental parameters that gives rise to exponentially suppressed
site-dependent couplings to symmetry-protected zero mode

@ Claim 1: no clockwork from geometry

@ for a scalar in curved clockwork metric: ¢y = const. = G

. 7 -2 _Ga N GG
@ coupling on a brane at Z = Z: 1671'2f5DGG = 16:2FCC

3/2
with F = 217 /Co = My, <%> independent on Z, —> no clockwork
5
@ Claim 1b: clockwork only for flat-spacetime construction with bulk mass and
boundary terms (they do it for scalar, but essentially a re-discovery of

construction in [Hambye, DT, Tytgat, '16] )
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Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the clockwork? (continued)

@ Claim 2: no non-Abelian clockwork (including gravity)
@ non-Abelian Yang-Mills clockwork chain

@ kinetic terms:
Mo AR
belian belian
L= 1= > gz (BRI 4 a5 44,08, + FFAA A,

j=0 j=0 8
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Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the clockwork? (continued)

@ Claim 2: no non-Abelian clockwork (including gravity)
@ non-Abelian Yang-Mills clockwork chain

@ kinetic terms:

N N
1 1 elian elian
L =D gaFF=2_ rgz(Ff“ F{U 1 4f A A;0A; + £ A1 A A A;)
j=0 J Jj=0 "°J
@ if, in terms of zero mode Ay, A; = ¢cj Ao + . ..
N Cg ) ) N 3
—Liin DY r;zfa‘“"“"fg’”’“" > 42 4f Ao Ao DA + Z i ff Ao Ao Ao Ao
j=0 "% =0 8 j=0
N 2 N C3 C4 1
@ gauge invariance for Ay: Z —’2 oL=>Id=+
—0 & j=0 8 j=0 8j 8off
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Epilogue: scrambling the clockwork Di: ing the ?

Disassembling the clockwork? (continued)

@ Claim 2: no non-Abelian clockwork (including gravity)
@ non-Abelian Yang-Mills clockwork chain

@ kinetic terms:
Mo AR : :
—£kin = Z 72F]F‘j — Z 72(Fj{lbeltanF;1belmn + 4fAjAj BA,» + ffAjAjAjAj)

j=0 4gj j=0 4gj

@ if, in terms of zero mode Ay, A; = ¢j Ao + . ..

N 2 N 3
. Cj belian belian J
_ﬁk,nD;r‘,}fo“ F ;74onAoaAo+;42fonAvoAo
N 2 N C3 C4 1
@ gauge invariance for Ay: Z —’2 oL=>Id=+
0 8 j=0 8 j=0 8j e

@ = ¢ €{0,1} — no clockwork
@ gi=const. = g ~ g no exponential suppression
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (ciudice, Mcculiougn, *17]

@ Disclaimer: I'm simplifying the argument
@ answer to Claim 2 (here for scalar, given also for gravity):
1 N i N—1
e —LD- Zam otk + — Z (¢x — qgérr1)’ same theory as
k=0

N—1

N
LD ZZq $oum ot + T qu (me — 1)’ (= me/d')

k=0
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (ciudice, Mcculiougn, *17]

Disclaimer: I'm simplifying the argument

@ answer to Claim 2 (here for scalar, given also for gravity):
1 N i N—1
°® LD > oup o't + = Z (¢x — qgérr1)’ same theory as
1 k;() krzn(; 2
) 3 quzkaﬂk It + = Zq (e = me1)” (e = me/q")
k=0

@ in this basis the unbroken symmetry is 7, — m + «, rather than ¢« — ¢ + ¢ *o
= ¢ =1 — argument for non-abelian disappears

@ in this basis gy = gog " #const. = gy ~gv=goq "

@ in this basis the theory does not look like clockwork, but it's the same theory
(physics is the same)
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (continued)

@ answer to Claim 1b:

@ the curved and flat-spacetime scalar constructions are the same! (related by

field redefinition ¢ = e**7)

@ summary of the answer so far: 2 theories with same Lagrangian are the same
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (continued)

@ answer to Claim 1b:

@ the curved and flat-spacetime scalar constructions are the same! (related by
field redefinition ¢ = e**7)

@ summary of the answer so far: 2 theories with same Lagrangian are the same

@ answer to Claim 1:

@ definition of [craig, Garcia Garcia, Sutherland, '17] is (UV) model dependent, e.g.:

5 _ nS/2 ¢
SO /d x0(Z—2Zy)e 1677

Zy-profile of coupling depends on n, spurion charge of f under global Weyl
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (continued)

answer to Claim 1b:

the curved and flat-spacetime scalar constructions are the same! (related by
field redefinition ¢ = e**7)

summary of the answer so far: 2 theories with same Lagrangian are the same
answer to Claim 1:

definition of [Craig, Garcia Garcia, Sutherland, '17] is (UV) model dependent, e.g.:

5 _ nS/2 ¢
SO /d x0(Z—2Zy)e 1677

Zy-profile of coupling depends on n, spurion charge of f under global Weyl

for model building and hierarchy problem, relevant definition:

a theory with no exponential hierarchies in fundamental parameters that gives
rise to exponentially suppressed ratios between the zero-mode and the
clockwork-gears couplings
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Epilogue: scrambling the clockwork Reassembling the clockwork

Reassembling the clockwork (continued)

answer to Claim 1b:

the curved and flat-spacetime scalar constructions are the same! (related by
field redefinition ¢ = e**7)

summary of the answer so far: 2 theories with same Lagrangian are the same
answer to Claim 1:

definition of [Craig, Garcia Garcia, Sutherland, '17] is (UV) model dependent, e.g.:

5 _ nS/2 ¢
SO /d x0(Z—2Zy)e 1677

Zy-profile of coupling depends on n, spurion charge of f under global Weyl

for model building and hierarchy problem, relevant definition:

a theory with no exponential hierarchies in fundamental parameters that gives
rise to exponentially suppressed ratios between the zero-mode and the
clockwork-gears couplings

3/2/6'0 MPL(;EID) ~ gReka
5 ™
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T o ?



T o ?

The relation between curved- and flat-spacetime constructions
opens a Pandora box...

[Giudice, McCullough, DT, in preparation]



