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On Masses and Scales

There is a fundamental difference between
masses and scales, sometimes overlooked.

Example: Global Symmetry Breaking
V=X ( — |¢| v="7

Massless Goldstone boson, massive radial mode:

=0 m = VBT

At low energies, Goldstone self-interactions

LD —= 7i (57T) o fr=4axfd




On Masses and Scales

Example: Global Symmetry Breaking

If we could do Goldstone scattering at low
energies, could measure this interaction scale:

T . T
May be tempted to think this ™ . 1
points to UV-completionat £ ~ f. -~ ‘f

T T

However, UV-completion enters at m 0 which
could be completely different:

In fact, not necessarily anything important at f.
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Choi & Im,

A Clockwork Scalar =

Rattazzi

Take N+1 copies of original story, assume A=1, such that
at low energies only have Goldstones:

f 1T -
¢j”ﬁ€ ilf . j=0,.,N

Now explicitly break N of the U(1) symmetries explicitly
with spurions,

N—1

L= L(¢;) — Z €9 P + hec.

7=0

This action is justified by symmetry assignments for
spurions.
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A Clockwork Scalar

“Interaction
basis 1’

Action given by
N N—1
1 m? f? i
2 Z T
L= 2 Z(amj) I Z (ef(qwf’“ i) 4 h.c.)
7=0 7=0
Spontaneous symmetry breaking | |Explicit symmetry breaking:
pattern: N-+1
So expect /N pseudo-Goldstones
So expect N + 1 Goldstones. and one true Goldstone.

Can identify true Goldstone direction from remaining shift

symmetry |
: : J
T; — T; + Ii/q>




A Clockwork Scalar

Identify Goldstone couplings by promoting shift
parameter to a field:

m; — 7+ a(x) /¢’

Now, imagine we had some fields coupled to 7T}y .
Coupling to masssless Groldstone becomes

7TN

Exponential sepa,ra,tlon between zero mode
coupling and cutoff! This is enerated entirely
from the shift symmetry, not from the form of the
interaction or potential.




A Clockwork Scalar

Peculiar spectrum, reminiscent of Condensed
Matter...

Mass matrix Mass spectrum
1 —q 0 500 0 -
(—q 1+¢* —q - 0\
0 —q 1+ q2 - 0
M;f =m?| | . :
: -Am ~ 2m
1+¢* —q
\0 0 0 - g &)
Eigenvalues for “Clockwork Gears” Band Gap | mi ~ (g— 1)m
km
2 2 2
ms = + 1 — 2q cos m
an (CI q N +1> |
k=1,..N Discrete Very weakly
Clockwork coupled state.

How might this be useful in practice?




See also

A Clockwork AxXion  ramae

al 2016.
Imagine clockworking Peccei-Quinn at weak scale:

61 =75 - (o) ——(T)——(m)——(7) )

~ ME —

An invisible axion and band of weak-scale “Sears”:

 (Clockwork gears could

show up as a band of
< mg , L~ _GG states at colliders.

- * (Cosmology / thermal
history of invisible axion
radically altered: stays in

A . thermal equilibrium to
C’ D a
Q , Lo~ TJGG late times.
q




Events i

A Clockwork Axion

The phenomenology of the clockwork gears would

be very exotic:
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Dijet spectrum likely too smeared, and background
too large, to reveal anything here. Perhaps

diphotons could reveal gears.



A Clockwork Axion

logy of the clockwork gears would

500 1000 1500 2000 2500 3000 3500 4000 2000
mj; [TeV] myy [Te

Dijet spectrum likely too smeared, and background
too large, to reveal anything here. Perhaps
diphotons could reveal gears.



Clockwork Fermion

Can also construct analogous fermion models:

N+1 Right _
handed

N Left _
handed

One Weyl fermion left over to be massless. Iflast
site is the RHD Neutrino, then clockworked
interaction is:

_ 1 _ o~
L=-NHLpyy L = N AHL

Tiny Dirac neutrino masses! Again, much
. . . See Hambye,
interesting phenomenology to look into. TZieSiI;‘lyfgeat




First proposed

Clockwork Photon vysaraswas.

Can even have clockwork photons:

N+1 _
Photons
—(q
o \
\ ,’

N Higgs / \

Scalars (\Qb;):/, (Qb
If all scalars get vevs (¢;) = % , vector action
becomes Clockwork

N— f2 mass terms
v g
L= Z 4F3WF“‘ Z — qAITh)?
7=0

Interesting applications: millicharges, dark forces,
etc...



First proposed

Clockwork Photon vysaraswas.

Can even have clockwork photons:

If all scalars get vevs (¢;) = :
becomes Clockwork

N mass terms

L+ N_192f2 ' i+1\2
L==) —FiFmw4 3" 5 (4, — g At
=0

4 M
j=0

Interesting applications: millicharges, dark forces,
etc...



Looking back to scalar

N

1 Z 2 m2f2 Zl i ( )
L ] L - q7'('j 1 7Tj |

This action exhibits a single continuous U(1)cw
symmetry, under which the complex scalars have

charge
Qcw =1,1/q,..1/¢" >

The “j’th” field of carries charge QfW = q_j
under U(1) ;- Axion of spontaneously broken
symmetry couples proportional to charge, thus

8 CLQ CW a a/O
Jow —
F Y ~FC

This sets discrete gauge symmetry of axion.

AL =




Continue to Continuum

N

L E ] L E - q7'('j 1—7Tj |

This action exhibits a single continuous U(1)cw
symmetry, under which the complex scalars have

charge
Qcw =1,1/q,..1/¢" >

Taking continuum limit, with qN fixed.

Infinite number of states with charge between 1
and ¢. In other words, R, not U(1) X R/Z.

Continuum clockwork is non-compact, non-fun?



Continue to Continuum

Infinite number of states with charge be Weo
and ¢". In other words, R, not U(1) 2 R/Z.

Continuum clockwork is non-compact, non-fun?



Continue to Continuum

Take original clockwork model
N

f2 T I/N
L’,:—? ]ZO( ,ﬂrj —m? f? ZCOS[ —q7rj+1)] —I—TJG“ Gy

Perform a field redefinition + %GWG L
. /Al g
T = T;/q
in a 5D interval of length mR. Scalar action is

| N N—1 g
— —5 Z q ,uﬂ-j - m2f2 Z COS (T(ﬂ-]—|_1 - 7-‘-]))
j=0

Jj=0

1 5 LT
GG tq GG,

g2 f



Continue to Continuum

Take original clockwork model
N

2 . —
=L St Y o [y ] <0G
Perform a field Pedeﬁmtlon

. Al
T = Tj/q
in a 5D interval of length mR. Scalar action is

Warping in kinetic terms.

1 N | N—-1 —j
L= =53 (Bum)? — S L (w1 =) )
7=0 '

Symmetry (axion) shared T ~
symmetrically among —> +q Yol de m

sites, flat wavefunction! Positfion-depende.nt. f
coupling now explicit




Continue to Continuum

Take original clockwork model

in a BD interval of length MR. St

Warping in kinetic terms. No more “by hand” than this.

Symmetry (axion) shared o
symmetrically among —> +q J

sites, flat wavefunction! Positfion-depende.nff
coupling now explicit




Continue to Continuum

)" - — (7T j))
7=0 7=0

Symmetry (axion) shared T ~
symmetrically among —> +q el e v

sites, flat wavefunction! Positiop-depenq§nt
coupling explicit




Continue to Continuum

Take continuum limit

Including derivatives

C Mj41 — T > a0y T >

in a 5D interval of length R,

In continuum limit, only quadratic terms survive:

icos (gﬁ ) — l5’ 2
CL2 R yﬂ- a—0 R yﬂ-




Continue to Continuum

TI 2antinuum limit

In continuum limit, only quadratic terms sur

iCos (g(? ) — 15’ 2
CL2 R yﬂ- a—0 R yﬂ-




Continue to Continuum

Take continuum limit...

In continuum {imit,\only quadratic¢ termls survive:

\
L = —% /dy e 2kY [Qﬂr o'm + ((9y7r)2}—|—e_ky

f

Interaction explicitly breaks discrete gauge symm.

G Gy



Continue to Continuum

Take continuum limit

In continuum limit, only quadratic terms survive:

L = —% /dy e 2kY [Qﬂr o'm + (%W)z}—l—e_ky

T
f

Interaction explicitly breaks discrete gauge symm.

G Gy



Decon gy 118 1O Continuum
T lppe_levant Ct .iS a'Ct.lO_n )
Opepatops » W] tb

J

: . T —
In continuum liMIto=— T - fe~ky

1
L= -3 /dy e 2Ry [Qﬂr OHm + (8,m)° | +e I o

Interaction explicitly breaks discrete gauge symm.



Continue to Continuum

Connection with the linear dilaton model:

1 ~
L= —5 /dy e Y [aﬂ oM + ((9y7r)2]—|—6_ky§G“’/GW
Where (S) = +2ky . Interaction term arises from

“k”-like parameter. This is the direct continuum
limit of the original clockwork model.

See e.g. Antoniadis,
Dimopoulos, Giveon,

What’s the linear dilaton model® 2001.
MS
S = / d*z dy /— 5 e”

Solution of Einstein’s equations: ((S) = ::QE

(R+ "N onmS onS + 4k?)




Continue to Continuum

Connection with the linear dilaton model:

1 ~
L= —5 /dy e Y {(%W oM + (0y7r)2]—|-6_ky§G“”GW
Where (S) = +2ky . Interaction term arises from

“k”-like parameter. This is the direct continuum
limit of the original clockwork model.

If coupled at different sites, for example,

Ya = 0 y Yp — 1Og(2)/2k

Then compact discrete shift symmetry explicitly
broken by brane couplings (not bulk action).
Symmetry is non-compact.




Continue to Continuum

Connection with the linear dilaton model:

Non .
Compa,ot
“k” llke pa,ra,meter

If coupled at different sites, for example,

o = 0 y Yb — 1Og(2)/2k

Then compact discrete shift symmetry explicitly
broken by brane couplings (not bulk action).
Symmetry is non-compact.




Continue to Continuum

Connection with the linear dilaton model:

1
L=75

/dy e kY {ﬁuw oHrm + (ayw)ﬂ%—e_ky

T

7 GG

Where (S) = +2ky . This is the direct continuum

limit of the original clockwork model. In GM, just
coupled at Y = 0 , to preserve compact symmetry.

Mass: m(z) =0

Wavefunction:

kmR

¢O(y) — \/62ka 1

10.000

0.001

Same exponlamtion of

—

scales betweerr zero mode
coupling and cutoff!




Continue to Continuum

Connection with the linear dilaton model:

L= —% /dy e Y {ﬁuw otm + ((9y7r)2}+e_ky

f

Where (S) = +2ky . This is the direct continuum
limit of the original clockwork model. In GM, just
coupled at Y = 0 , to preserve compact symmetry.

GG

20 .

2 9 N
@
Wavefunction: »

my, R n R R

Yn(y) = D klyl (k—R sinM + cos E)




Continue to Continuum

Cannection with the linear dilaton model:

2
e
u
n g]] 0 AV
S m ] mj
rd
On
mn
Mass: mi — k2 + ﬁ 15|
Wavefunction: o
no g (kR nly| ny )l
¢n(y):mnRe l (7SIHT+COS§) O |




Continue to Continuum

Connection with the linear dilaton model:

L= —% /dy e Y [aﬂ otm + (8yw)2}+e—ky

-
f
Where (S) = +£2ky . If coupled only at ¥y = 0 all

features physically identical to being at the end of

the clockwork chain, since this is the continuum of
the clockwork.

GG




Continue to Continuum

Connection with the linear dilaton model:

1
L= —5 /dy e kY [@m oM + (8y7r)2}+e

y

f
Where (S) = +£2ky . If coupled only at ¥y = 0 all
features physically identical to being at the end of

the clockwork chain, since this is the continuum of
the clockwork.

GG

Could also remove dilaton factor from topological
term, but then zero mode couplings become
position-independent: No longer a continuum limit
of the clockwork.




Continue to Continuum

Connection with the linear dilaton model:

1
L= —5 /dy e kY [@m oM + (&gw)ﬂ%—e

y

f
Where (S) = +£2ky . If coupled only at ¥y = 0 all
features physically identical to being at the end of

the clockwork chain, since this is the continuum of
the clockwork.

GG

Localisation in terms of zero-mode coupling to
gluons no longer varies exponentially with
position. This is the central objection of Craig et al,
with regard to the original clockwork model, and
we are in complete agreement on this. But can we
still use it for other purposes?



Continue to Continuum

Connection with the linear dilaton model:

L = —% /dy e 2Ry {(9“# otm + (8y7r)2]—|—6><y§G“”éW

Where (S) = +2ky . Ifcoupled only at ¥y = 0 all
features physically identical to being at the end of
the clockwork chain, sinc¢e this is the continuum of
the clockwork.

Bulk unchanged, properties of continuum limit of:
N N—1

I ST

§=0 §=0
preserved, including clockworked shift symmetry.




Continue to Continuum

Connection with the linear dilaton model:

L = —% /dy e 2Ry {(9“# otm + (8y7r)2]—|—6><y§G“”éW

Where (S) = +2ky . Ifcoupled only at ¥y = 0 all
features physically identical to being at the end of
the clockwork chain, sinc¢e this is the continuum of
the clockwork.

Localisation and hierarchy of zero-mode coupling

1 N m2f2 N—-1 .
_ - N2 +(qmjp1—mj)
L= QjZZO(E?MWJ) > j:ZO (ef it +h.c.>

to cutoff the same. Can now have compact symm.



Linear Dilaton Model
This means that any massless field (scalar,
fermion, vector, graviton) placed in the linear
dilaton background

L = —% /dy e kY [Qjﬂ or'm + (ayw)ﬂ

Has the same physical localisation, mass
spectrum, and hierarchy between zero-mode
coupling, all canonically normalized fields obey

symmetry
. . J




coupling, all canonically normalizecC

symmetry
Uy — Uy —+ li/qj>




Linear Dilaton Model

Things get really interesting when looking to the
phenomenology...

See: Work in progress with Giudice, Kats, Torre,
Urbano.

Previous related studies:

 Antoniadis, Arvanitaki, Dimopoulos, Giveon, 2011. (Large-k)
 Baryakhtar, 2012. (All-k)

 Cox, Gherghetta, 2012. (Dilatons)

* (Giudice, Plehn, Strumia, 2004. Franceschini, Giardino, Giudice,
Lodone, Strumia, 2011. (Large extra dimensions, pheno similar.)



Linear Dilaton Model

Irreducible prediction:

In this theory T But the mass
Planck scale is: spectrum is given by:
3 ~ n’
Mp ~ (] 5 kR k(14 )
o Thus the first few
So if all other k2 + '"'_z states will always be
parameters at the = split by %’s, with the
weak scale, require: relative splitting
decreasing for
]‘CR ~ 11 ] heavier modes.
Continuum
Clockwork

This splitting is thus a key prediction of the theory.



Linear Dilaton Model

Irre  Clockwork mass splitting:

Int I

Plaz ' en by:
n2

M, cR)?
W

So i ys be

par h the

wes g

N | | | | .
1 5 10 50 100 500 1000

Thisg n 1e0TY.




Linear Dilaton Model

At colliders would look something like:

|
pp->yy, Ms=5TeV, k=500 GeV TeV.  13TeV,300f0~
10°} — BG l
Schematic illustration! —— Signal 7
— Signal+BG
21000}
=
2 it nl————— WA
88 Jq”h tl . k? + B2
10 i o I-_‘ I-‘ I -. N 1) h .
I
50 1000 1500 2000
my, [GeV] —
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 LHC BG modelling essential...

datal
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