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MOTIVATION

✦ Exception:  ’t Hooft’s Technical Naturalness, i.e.

e.g.  Weinberg op. scale ⇤5 � m⌫ neutrino mass
(chiral symmetry)

✦ Natural expectation (Dirac’s Naturalness) 

e.g.  Fermi scale since gew ⇠ O(1)⇤ew ⇡ mW

⇤ ⇡ mg ⇠ O(1)

is natural, if there is an enhanced symmetry when g ! 0
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✦ Physical scales are related to the masses of particles 
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Can we have small couplings without large
 scale

s? 
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CLOCKWORK MECHANISM: BASIC IDEA

✦Imagine a particle    remains massless due to a symmetry     Hh

Hh

h

massless symmetry

h0 h1 h2 hN�1 hN

hmassless symmetryN+1 G ◆ H
N+1

N+1 copies

Choi-Im: 1511.00132 
Kaplan-Rattazzi: 1511.01827

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



massless unbroken symmetry

sites symmetry breaking linksN+1

massive broken symmetry

N

N h0
G/H0

H
0h0

0

CLOCKWORK MECHANISM: BASIC IDEA

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

G
m

h0 h1 h2 hN�1 hNm2 m2 m2 m2 m2

     is equally distributed along the chain.  h0
0

This is a deconstruction of a flat extra dimension with a bulk scalar field
 Arkani-Hamed, Cohen, Georgi: hep-th/0104005



CLOCKWORK MECHANISM: BASIC IDEA

h0 h1 h2 hN�1 hN

G/H0

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

Choi-Im: 1511.00132 
Kaplan-Rattazzi: 1511.01827 

Giudice-McCullough: 1610.07962

Zero-mode is smeared out along all sites asymmetrically

For        , zero-mode      component in      site is  
 

q>1 h0
0 jth

hj �
h0
0

qj
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CLOCKWORK SCALAR
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Complex scalar charged under global symmetry at j-site!
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<latexit sha1_base64="/puxVbmEiQpikHSNjAe+oWXRcxQ="></latexit><latexit sha1_base64="edaREKqMT8hWIqaVNkUZbNzjnAg="></latexit><latexit sha1_base64="edaREKqMT8hWIqaVNkUZbNzjnAg="></latexit><latexit sha1_base64="QtZXAzdLBmAH/YSR9xi6LaER0ks="></latexit>

explicit breaking

�j ! f Uj ⌘ f ei⇡j/
p
2f

<latexit sha1_base64="P11wFZAdBTppzx8DLzlCPuWgms0="></latexit><latexit sha1_base64="27W3cIoYwcoeP9KzhYWYhOVorRU="></latexit><latexit sha1_base64="27W3cIoYwcoeP9KzhYWYhOVorRU="></latexit><latexit sha1_base64="u5p3ws70CPf5hFJA/Aho928eIpk="></latexit>

Effective Field Theory below symmetry breaking scale  f

Non-linear sigma model

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

✏ ! 0
<latexit sha1_base64="idkWwWMSaCRKCLF/+w7H0VOkDwY=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCqZQrVdiEU3LivYC3SGkknTNjSTGZNMoZSCb+HGhSJufQ337nwb08tCqz8EPv5zDjnnD2LBtcH4y0mtrK6tb6Q3M1vbO7t72f2Duo4SRVmNRiJSzYBoJrhkNcONYM1YMRIGgjWCwfW03hgypXkk78woZn5IepJ3OSXGWr7HYs1FJD0TIdzO5nC+iN3ymYtwvlDE5RK2gGdC7gJylx+ZiwcAqLazn14noknIpKGCaN1ycWz8MVGGU8EmGS/RLCZ0QHqsZVGSkGl/PFt6gk6s00HdSNknDZq5PyfGJNR6FAa2MySmr5drU/O/Wisx3ZI/5jJODJN0/lE3EcieOE0Adbhi1IiRBUIVt7si2ieKUGNzytgQ3OWT/0K9kHct3+Jc5QrmSsMRHMMpuHAOFbiBKtSAwj08wjO8OEPnyXl13uatKWcxcwi/5Lx/Ayhbk9g=</latexit><latexit sha1_base64="pfy1Fq+s0TyKPYmtgL71yVUXUYk=">AAAB9HicbZDLSgMxFIYzXut4q7p0EyyCq5IpVNuFWHTjsoK9QGcomTTThmaSMckUSulzuHGhFLe+hns34tuYXhZa/SHw8Z9zyDl/mHCmDUJfzsrq2vrGZmbL3d7Z3dvPHhzWtUwVoTUiuVTNEGvKmaA1wwynzURRHIecNsL+zbTeGFClmRT3ZpjQIMZdwSJGsLFW4NNEMy6FbyRE7WwO5YvIK597EOULRVQuIQtoJugtIHf17l4mk0+32s5++B1J0pgKQzjWuuWhxAQjrAwjnI5dP9U0waSPu7RlUeCY6mA0W3oMT63TgZFU9gkDZ+7PiRGOtR7Goe2Msenp5drU/K/WSk1UCkZMJKmhgsw/ilIO7YnTBGCHKUoMH1rARDG7KyQ9rDAxNifXhuAtn/wX6oW8Z/kO5SrXYK4MOAYn4Ax44AJUwC2oghog4AE8gmfw4gycJ2fivM5bV5zFzBH4JeftGxnqlUw=</latexit><latexit sha1_base64="pfy1Fq+s0TyKPYmtgL71yVUXUYk=">AAAB9HicbZDLSgMxFIYzXut4q7p0EyyCq5IpVNuFWHTjsoK9QGcomTTThmaSMckUSulzuHGhFLe+hns34tuYXhZa/SHw8Z9zyDl/mHCmDUJfzsrq2vrGZmbL3d7Z3dvPHhzWtUwVoTUiuVTNEGvKmaA1wwynzURRHIecNsL+zbTeGFClmRT3ZpjQIMZdwSJGsLFW4NNEMy6FbyRE7WwO5YvIK597EOULRVQuIQtoJugtIHf17l4mk0+32s5++B1J0pgKQzjWuuWhxAQjrAwjnI5dP9U0waSPu7RlUeCY6mA0W3oMT63TgZFU9gkDZ+7PiRGOtR7Goe2Msenp5drU/K/WSk1UCkZMJKmhgsw/ilIO7YnTBGCHKUoMH1rARDG7KyQ9rDAxNifXhuAtn/wX6oW8Z/kO5SrXYK4MOAYn4Ax44AJUwC2oghog4AE8gmfw4gycJ2fivM5bV5zFzBH4JeftGxnqlUw=</latexit><latexit sha1_base64="CCEDKuVhPvdbPsDyEGRDZMpX9xg=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrkqmUG13RTcuK9gLdIaSSc+0oZnMmGQKpfQ53LhQxK0P4863MW1nodUfAh//OYec8weJ4NoQ8uXkNja3tnfyu4W9/YPDo+LxSVvHqWLQYrGIVTegGgSX0DLcCOgmCmgUCOgE49tFvTMBpXksH8w0AT+iQ8lDzqixlu9BormIpWdiTPrFEilXiVu/cjEpV6qkXiMWyFLYzaCEMjX7xU9vELM0AmmYoFr3XJIYf0aV4UzAvOClGhLKxnQIPYuSRqD92XLpOb6wzgCHsbJPGrx0f07MaKT1NApsZ0TNSK/XFuZ/tV5qwpo/4zJJDUi2+ihMBbYnLhLAA66AGTG1QJnidlfMRlRRZmxOBRuCu37yX2hXyq7le1Jq3GRx5NEZOkeXyEXXqIHuUBO1EEOP6Am9oFdn4jw7b877qjXnZDOn6Jecj2+5FJIL</latexit>

�j
<latexit sha1_base64="6ubK6rj9QbpZS0O1Tf5/KaeKCmg=">AAAB7nicbZDLSgMxFIbP1Futt6pLN8EiuCqZYrXdFd24rGAv0A4lk2ba2ExmSDJCGfoQblwo4tbncefbmLaz0OoPgY//nEPO+f1YcG0w/nJya+sbm1v57cLO7t7+QfHwqK2jRFHWopGIVNcnmgkuWctwI1g3VoyEvmAdf3Izr3cemdI8kvdmGjMvJCPJA06JsVYH9eMxHzwMiiVcrmK3fukiXK5Ucb2GLeCFkJtBCTI1B8XP/jCiScikoYJo3XNxbLyUKMOpYLNCP9EsJnRCRqxnUZKQaS9drDtDZ9YZoiBS9kmDFu7PiZSEWk9D33aGxIz1am1u/lfrJSaoeSmXcWKYpMuPgkQgE6H57WjIFaNGTC0QqrjdFdExUYQam1DBhuCunvwX2pWya/nuotS4zuLIwwmcwjm4cAUNuIUmtIDCBJ7gBV6d2Hl23pz3ZWvOyWaO4Zecj28rO490</latexit><latexit sha1_base64="6ubK6rj9QbpZS0O1Tf5/KaeKCmg=">AAAB7nicbZDLSgMxFIbP1Futt6pLN8EiuCqZYrXdFd24rGAv0A4lk2ba2ExmSDJCGfoQblwo4tbncefbmLaz0OoPgY//nEPO+f1YcG0w/nJya+sbm1v57cLO7t7+QfHwqK2jRFHWopGIVNcnmgkuWctwI1g3VoyEvmAdf3Izr3cemdI8kvdmGjMvJCPJA06JsVYH9eMxHzwMiiVcrmK3fukiXK5Ucb2GLeCFkJtBCTI1B8XP/jCiScikoYJo3XNxbLyUKMOpYLNCP9EsJnRCRqxnUZKQaS9drDtDZ9YZoiBS9kmDFu7PiZSEWk9D33aGxIz1am1u/lfrJSaoeSmXcWKYpMuPgkQgE6H57WjIFaNGTC0QqrjdFdExUYQam1DBhuCunvwX2pWya/nuotS4zuLIwwmcwjm4cAUNuIUmtIDCBJ7gBV6d2Hl23pz3ZWvOyWaO4Zecj28rO490</latexit><latexit sha1_base64="6ubK6rj9QbpZS0O1Tf5/KaeKCmg=">AAAB7nicbZDLSgMxFIbP1Futt6pLN8EiuCqZYrXdFd24rGAv0A4lk2ba2ExmSDJCGfoQblwo4tbncefbmLaz0OoPgY//nEPO+f1YcG0w/nJya+sbm1v57cLO7t7+QfHwqK2jRFHWopGIVNcnmgkuWctwI1g3VoyEvmAdf3Izr3cemdI8kvdmGjMvJCPJA06JsVYH9eMxHzwMiiVcrmK3fukiXK5Ucb2GLeCFkJtBCTI1B8XP/jCiScikoYJo3XNxbLyUKMOpYLNCP9EsJnRCRqxnUZKQaS9drDtDZ9YZoiBS9kmDFu7PiZSEWk9D33aGxIz1am1u/lfrJSaoeSmXcWKYpMuPgkQgE6H57WjIFaNGTC0QqrjdFdExUYQam1DBhuCunvwX2pWya/nuotS4zuLIwwmcwjm4cAUNuIUmtIDCBJ7gBV6d2Hl23pz3ZWvOyWaO4Zecj28rO490</latexit><latexit sha1_base64="6ubK6rj9QbpZS0O1Tf5/KaeKCmg=">AAAB7nicbZDLSgMxFIbP1Futt6pLN8EiuCqZYrXdFd24rGAv0A4lk2ba2ExmSDJCGfoQblwo4tbncefbmLaz0OoPgY//nEPO+f1YcG0w/nJya+sbm1v57cLO7t7+QfHwqK2jRFHWopGIVNcnmgkuWctwI1g3VoyEvmAdf3Izr3cemdI8kvdmGjMvJCPJA06JsVYH9eMxHzwMiiVcrmK3fukiXK5Ucb2GLeCFkJtBCTI1B8XP/jCiScikoYJo3XNxbLyUKMOpYLNCP9EsJnRCRqxnUZKQaS9drDtDZ9YZoiBS9kmDFu7PiZSEWk9D33aGxIz1am1u/lfrJSaoeSmXcWKYpMuPgkQgE6H57WjIFaNGTC0QqrjdFdExUYQam1DBhuCunvwX2pWya/nuotS4zuLIwwmcwjm4cAUNuIUmtIDCBJ7gBV6d2Hl23pz3ZWvOyWaO4Zecj28rO490</latexit>

U(1)j
<latexit sha1_base64="Gqr+Xj3WoGcHMJuN9kgjbdnwZxk=">AAAB7nicbZDNTgIxFIU7+If4h7p000hMcENaIgo7ohuXmDhAAhPSKR2odDqTtmNCJjyEGxca49bncefbWGAWip6kyZdz703vPX4suDYIfTm5tfWNza38dmFnd2//oHh41NZRoihzaSQi1fWJZoJL5hpuBOvGipHQF6zjT27m9c4jU5pH8t5MY+aFZCR5wCkx1upAt4zPBw+DYglVagg3LjFElWoNNerIAloI4gxKIFNrUPzsDyOahEwaKojWPYxi46VEGU4FmxX6iWYxoRMyYj2LkoRMe+li3Rk8s84QBpGyTxq4cH9OpCTUehr6tjMkZqxXa3Pzv1ovMUHdS7mME8MkXX4UJAKaCM5vh0OuGDViaoFQxe2ukI6JItTYhAo2BLx68l9oVyvY8t1FqXmdxZEHJ+AUlAEGV6AJbkELuICCCXgCL+DViZ1n5815X7bmnGzmGPyS8/EN/J2Org==</latexit><latexit sha1_base64="Gqr+Xj3WoGcHMJuN9kgjbdnwZxk=">AAAB7nicbZDNTgIxFIU7+If4h7p000hMcENaIgo7ohuXmDhAAhPSKR2odDqTtmNCJjyEGxca49bncefbWGAWip6kyZdz703vPX4suDYIfTm5tfWNza38dmFnd2//oHh41NZRoihzaSQi1fWJZoJL5hpuBOvGipHQF6zjT27m9c4jU5pH8t5MY+aFZCR5wCkx1upAt4zPBw+DYglVagg3LjFElWoNNerIAloI4gxKIFNrUPzsDyOahEwaKojWPYxi46VEGU4FmxX6iWYxoRMyYj2LkoRMe+li3Rk8s84QBpGyTxq4cH9OpCTUehr6tjMkZqxXa3Pzv1ovMUHdS7mME8MkXX4UJAKaCM5vh0OuGDViaoFQxe2ukI6JItTYhAo2BLx68l9oVyvY8t1FqXmdxZEHJ+AUlAEGV6AJbkELuICCCXgCL+DViZ1n5815X7bmnGzmGPyS8/EN/J2Org==</latexit><latexit sha1_base64="Gqr+Xj3WoGcHMJuN9kgjbdnwZxk=">AAAB7nicbZDNTgIxFIU7+If4h7p000hMcENaIgo7ohuXmDhAAhPSKR2odDqTtmNCJjyEGxca49bncefbWGAWip6kyZdz703vPX4suDYIfTm5tfWNza38dmFnd2//oHh41NZRoihzaSQi1fWJZoJL5hpuBOvGipHQF6zjT27m9c4jU5pH8t5MY+aFZCR5wCkx1upAt4zPBw+DYglVagg3LjFElWoNNerIAloI4gxKIFNrUPzsDyOahEwaKojWPYxi46VEGU4FmxX6iWYxoRMyYj2LkoRMe+li3Rk8s84QBpGyTxq4cH9OpCTUehr6tjMkZqxXa3Pzv1ovMUHdS7mME8MkXX4UJAKaCM5vh0OuGDViaoFQxe2ukI6JItTYhAo2BLx68l9oVyvY8t1FqXmdxZEHJ+AUlAEGV6AJbkELuICCCXgCL+DViZ1n5815X7bmnGzmGPyS8/EN/J2Org==</latexit><latexit sha1_base64="Gqr+Xj3WoGcHMJuN9kgjbdnwZxk=">AAAB7nicbZDNTgIxFIU7+If4h7p000hMcENaIgo7ohuXmDhAAhPSKR2odDqTtmNCJjyEGxca49bncefbWGAWip6kyZdz703vPX4suDYIfTm5tfWNza38dmFnd2//oHh41NZRoihzaSQi1fWJZoJL5hpuBOvGipHQF6zjT27m9c4jU5pH8t5MY+aFZCR5wCkx1upAt4zPBw+DYglVagg3LjFElWoNNerIAloI4gxKIFNrUPzsDyOahEwaKojWPYxi46VEGU4FmxX6iWYxoRMyYj2LkoRMe+li3Rk8s84QBpGyTxq4cH9OpCTUehr6tjMkZqxXa3Pzv1ovMUHdS7mME8MkXX4UJAKaCM5vh0OuGDViaoFQxe2ukI6JItTYhAo2BLx68l9oVyvY8t1FqXmdxZEHJ+AUlAEGV6AJbkELuICCCXgCL+DViZ1n5815X7bmnGzmGPyS8/EN/J2Org==</latexit>

Complex scalar charged under global symmetry at j-site!



CLOCKWORK SCALAR

✏2 ✏2 ✏2 ✏2 ✏2
⇡1 ⇡2 ⇡n-1 ⇡n⇡0

Choi-Im: 1511.00132 
Kaplan-Rattazzi: 1511.01827

L = f2
NX

j=0

@µU
†
j @

µUj + ✏2f4
N�1X

j=0

⇣
U†
jU

q
j+1 + h.c.

⌘

<latexit sha1_base64="s4XQEXM3wuboliEZo1pM6U3u8kE="></latexit><latexit sha1_base64="fODMvviQQdJQPGa33kMiCem8U9Q="></latexit><latexit sha1_base64="fODMvviQQdJQPGa33kMiCem8U9Q="></latexit><latexit sha1_base64="ybGsWv+Uw6j9QAMxLnMqSYtoQVI="></latexit>

up to quadratic level Uj ⌘ ei⇡j/
p
2f

L⇡ =
1

2

NX

j=0

@µ⇡
†
j@

µ⇡j �
1

2
✏2f2

N�1X

j=0

(⇡j � q⇡j+1)
2 +O(⇡4)

<latexit sha1_base64="ZSRiiVmdEU/nzSnTIYqASaKcDlg="></latexit><latexit sha1_base64="dR0LArjdritGwDb/8Nx5+3a1psY="></latexit><latexit sha1_base64="dR0LArjdritGwDb/8Nx5+3a1psY="></latexit><latexit sha1_base64="lp3/ZXYncV0HjvJyP/kYSFNbPpA="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

Mass mixing is the key feature!



CLOCKWORK MECHANISM
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CCCCCCCA

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

(1,�q)
<latexit sha1_base64="BtEndUi24iFx71+zdZcekdjM8Fs="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="93P8Xz1FXDJ0FsYUduf1OdmXoXM="></latexit><latexit sha1_base64="uEZJ1WdQ6QWDbh9GXtHGNtis3/A="></latexit>

One zero-mode and N massive modes! 



CLOCKWORK MECHANISM
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ij⇡j +O(⇡4)

✏2 ✏2 ✏2 ✏2 ✏2
⇡1 ⇡2 ⇡n-1 ⇡n⇡0

(1,�q)
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Key observation of the clockwork mechanism is
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✦ If       is the QCD axion then the PQ symmetry breaking 
scale    can be as low as the electroweak scale!f
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Hence clockwork mechanism generates 
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✦ Couple external fields (SM) to the Nth-site
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CLOCKWORK INTERACTIONS
✦ Clockwork potential for pseudo-Goldstone bosons is    

up to quartic level

✦ Clockwork potential in the mass eigenbasis:
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CLOCKWORK INTERACTIONS
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✦ Clockwork potential in the mass eigenbasis:
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CLOCKWORK PARITY
✦ Clockwork interactions have a very non-trivial feature, they 

are “only” allowed for
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by choosing either     or      for each term.+ �
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Analogue to KK-parity selection rules in extra dimensional models! 
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In UV completions, gauge symmetries are preferred over global symmetries. 
Here, we provide a clockwork scalar from gauge symmetries.

Each site has a           gauge symmetry with      gauge boson.
Complex scalar fields      are the link fields.
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GAUGED CLOCKWORK SCALAR
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massless Goldstone boson remains uneaten: Accidental1 U(1)cw

A clockwork scalar with gauge bosons as Gears! 

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

is the accidental clockwork symmetry!    
Coy-Frigerio-Ibe:1706.04529

Bonnefoy-Dudas-Pokorski:1804.01112
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Goldstone bosons Gauge symmetriesN

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

Lee:1708.03564
Craig-GraciaGracia:1804.01112

N

gauge bosons acquire mass by the Higgs mechanism, i.e. “eating”     GBsN N



GAUGED CLOCKWORK: A MASSLESS VECTOR
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A massless clockwork vector boson 
with heavy vector gears! 

Giudice-McCullough: 1610.07962
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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

�L  z  L S1/Z2where and the geometry is             orbifold. 
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DECONSTRUCTION OF CLOCKWORK DIMENSION 
✦ Let us discretize the extra dimension:

✦ Discretized scalar action is

z ! j` ` = L/Nwhere is the lattice spacing
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✦ Clockwork scalar theory
CLOCKWORK MASS SPECTRUM 
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�✦ Linear Dilaton Geometry!
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Giudice-McCullough: 1610.07962

duality



5D GAUGED CLOCKWORK SCALAR
AA, Dillon:1612.04011

zero-mode localization

Linear Dilaton Geometry in 5D

0 Lz
Zero-mode is localized towards one of the brane and its coupling 
on the other brane would be exponentially suppressed!
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5D GAUGED CLOCKWORK SCALAR
AA, Dillon:1612.04011

zero-mode localization

Linear Dilaton Geometry in 5D

0 Lz
Zero-mode is localized towards one of the brane and its coupling 
on the other brane would be exponentially suppressed!
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Our 5D gauged clockwork model is duel 

to the 4D discrete-site clockwork model!



Let us consider a non-abelian global group     at each site, which 
spontaneous breaks to      at scale    , giving      Goldstones!
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q 6= 1 ???
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✦ Clockwork interaction terms breaks all symmetries (perhaps 
not bad*) but, …

✦ Explicit breaking terms cannot be motivated by spurion analysis! 
see also Craig et al. :1704.07831 

*Csaki et al. :1811.06019, applied in Linear Dilaton Geometry
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✦ Clockwork interaction terms do keep       unbroken but 
…

✦ Explicit breaking terms cannot be motivated by linearized 
spurion analysis in a complete UV theory!
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Let us consider a vector-like global group     at each site, which 
spontaneous breaks to      at scale    , giving      Goldstones!

NON-ABELIAN CLOCKWORK
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No exact Goldstone modes!

For          all the     symmetries are explicitly broken in such a way 
that preserves the diagonal subgroup.
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✦ Potential for pseudo-Goldstone modes is
NON-ABELIAN CLOCKWORK

After clockwork rotations at tree-level there is a massless multiplet. 
However, quartic interactions would generate small mass! 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A lot of interesting properties needs to be explored!!! 

e.g. do non-Abelian clockwork has a d
ual 5D picture???
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DECONSTRUCTING NON-ABELIAN CLOCKWORK

zero-mode localization

Linear Dilaton Geometry in 5D
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Zero-mode is localized towards one of the brane and hence its 
coupling on the other brane would be exponentially suppressed!
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Zero-mode is localized towards one of the brane and hence its 
coupling on the other brane would be exponentially suppressed!
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Non-Abelian clockwork models could be a gat
eway 

to interesting model building possibilities and their 

applicatio
ns, including composite Higgs m

odels.
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SUMMARY
✦ Clockwork mechanism is engineered to generate exponentially 

small (or large) quantities in theories which have           
parameters!

✦ It provides a concrete example where scales much above Planck 
scale can be reached without invoking quantum gravity or 
breaking down of EFT.

✦ Large N limit 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.
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OUTLOOK

✦ (secluded) Dark matter from clockwork dynamics.

✦ Flavor and neutrino physics with clockwork mechanics.

✦ Phenomenology of the clockwork gears/KK-modes.

✦ Clockwork inflation/cosmology.

✦ Continuum Naturalness (top-partners are “unparticles”!)

✦ “Dictionary” between discrete and continuum clockwork models.

Many new model building possibilities!
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