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Can one solve SM flavor puzzle with clockwork?

Clockwork: generic mechanism to generate large hierarchies

¢ |n couplings: suppressed by N-node ‘gear ratio’ factor

N Choi, Kim & Yun, 1404.6209
Choi & Im, 1511.00132

geff g >< q Kaplan & Rattazzi, 1511.01827
Giudice & McCullough, 1610.07962
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e inscales: Acg = M/ger ; M = actual UV d.o.f. mass

—N

o Example: EW - Planck hierarchy vgw ~ Mp; X ¢



Clockworking fermion

Chain of vectorlike fermions + one chiral node:
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Clockworking fermion

Spectrum: massless zero-mode + N massive ‘gears’

/e R 2 2 2 km
VRE = Vik¥R,; Mg =M (1+q ~ 2qcos (N+1)>

-AM ~ 2M
(dense spectrum)

—

-M1 NM(q—l)

(mass gap)




SM flavor puzzle
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Most of SM Yukawa couplings are tiny: result of clockworking?

® need to also reproduce alignment & hierarchy of CKM



Clockwork flavor

Flavor hierarchy from zero mode overlaps with Higgs

¢ One clockwork chain per SM chiral fermion

e Higgs couples to zero-th node ((¥b),, QfH dif} + (Yo),, @ Huffy + o)
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(similar to RS with Higgs on IR brane, fermions in bulk)



Clockwork flavor

Flavor hierarchy from zero mode overlaps with Higgs
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e For O(1) Yup, quark flavor structure determined by overlap

hierarchies
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Two limits of clockwork flavor
1. Froggatt-Nielsen limit  qua) ~ qa@) ~ 4o > 1 & Nouy > No) > Noa)

e somewhat reduced number of gears (VLQS) possible
e compressed spectrum g~ 1/A = M, ~qM

2. Randall-Sundrum limit g > 99@) > 903) & No@y = Nugy = Nag

e |arge number of gears (VLQs): 12 x N

e for3rdgen: ¢~1 = light gears



Comments on RS Iimit

e unlike RS, single clockwork cannot solve hierarchy problem
and SM flavor puzzle at same time

e clockwork gravity in continuum: hierarchy problem solved
by large volume not due to warping see also Artoniadis et a,

e proposed clockwork flavor does not have continuum limit

e all nodes gauged by SM group - No gears for gauge
bosons, gravity
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Comparison with RS

e unlike RS, single clockwork cannot solve hierarchy problem
and SM flavor puzzle at same time

e clockwork gravity in continuum: hierarchy problem solved
by large volume not due to warping see also Artoniadis et a,

e proposed clockwork flavor does not have continuum limit

e all nodes gauged by SM group - No gears for gauge
bosons, gravity
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Comparison with RS

e unlike RS, single clockwork cannot solve hierarchy problem
and SM flavor puzzle at same time

e clockwork gravity in continuum: hierarchy problem solved
by large volume not due to warping see also Artoniadis et a,

e proposed clockwork flavor does not have continuum limit

e all nodes gauged by SM group - No gears for gauge
bosons, gravity

(to address hierarchy problem, could couple whole clockwork flavor model
to N-th gear of clockworked gravity) Giudice & McCullough, 161007962



Comparison with Froggatt-Nielsen

Clockwork resembles FN models

e ysually expanded in limit (¢) < M

() NQ(ay+Nup) .
Log = (YU)QB (M) Q(CV)LHU(ﬁ)R + h.c.

e [he FN limit of the clockwork corresponds to (¢) = —gM



Comparison with Froggatt-Nielsen

Clockwork resembles FN models (equivalence at low scale)
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(However now ¢M > M)




Low energy constraints

Mixing of zero mode with gears
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e modified Higgs Yukawas
e flavor (& CP) violating
e modifications of Z,W couplings

* departures from SM values for 3rd gen. (foi) ~ 1)
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Flavor constraints

Effects in flavor suppressed by zero mode overlaps

e similar to RS-GIM

see e.g. S. Davidson et al., 0711.3376

o [xample: neutral meson MIXING [fo ~ (A%, X%,1); fu~ (AL N 1); fa~ (A4, X%,02)]
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Flavor constraints

Effects in flavor suppressed by zero mode overlaps
o Similar 'tO RS-G'M see e.g. S. Davidson et al., 0711.3376

o [xample: neutral meson MIXING [fo ~ (A%, X%,1); fu~ (AL N 1); fa~ (A4, X%,02)]

Mass & Yukawa parameter scan s |

FN Model
FN Model f My = 1.5 TeV

Myear [TeV] M, [TeV]



Collider searches

Clockwork flavor gears can be at O(

eV)

e small inter-gear mass gaps O(M/N)

e decay Q—Q +h,Z,W; g+ h,ZW

Example benchmark:
M, = 1.3TeV,
Md =1.5 TeV,
MQ — 1.7TeV

-AM ~ 2M

- My~ M(g—1)




| HC searches

Clockwork flavor gears can be at O(TeV)
e small inter-gear mass gaps O(M/N)
e decay Q—Q +h,Z,W; g+ h,ZW

How to search for them at the LHC?

e Q gears QCD pair produced :

e multiple thresholds :

= ‘offective’ VLQ x-section

o .. 1
g 0 ... 0

-AM ~ 2M

- My~ M(g—1)
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| HC searches

Clockwork flavor gears can be at O(TeV)
-AM ~ 2M
e small inter-gear mass gaps O(M/N)
e decay Q—Q +h,Z,W; g+ h,ZW My~ M(g—1)
How to search for them at the LHC?
e Q gears QCD pair produced ool dlwidh
e multiple thresholds g 013
“on 0.10
= disentangling long decay chains £
ﬁ 0.05
modified ‘hemisphere clustering’
see e.g. CMS-PAS-SUS-16-036 0.00 -
1502.04358 0 500 1000 1500 2000 2500 300

Sjostrand, Comput.Phys.Commun. 28 (1983) 229

invariant mass[GeV]



Conclusions

Model of flavor based on clockwork mechanism

e shares particularities with RS & FN
® oObstacles to continuum version
®* No elegant simultaneous solution for EW hierarchy

e novel low energy limit of FN (/ flavon effects)

e cffects in flavor physics under control for O(1TeV) gears!
e associated effects in Higgs & EW observables
® gears can be searched for in high pt processes

e novel signatures of multiple VLQ decay chains






Obstructions in the UV: QCD

Having a bunch of heavy quarks will affect the running of
QCD coupling

11N, — 2N
3 Y

2
e at 1-loop das = 26,2, o =

dln 1

e for large number of gears, QCD develops Landau pole
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Obstructions in the UV: Higgs potential

Gears have Yukawa couplings to the Higgs
e RG running of the quartic affected at 1-loop
By D 12T (V¥ + Y ¥p ) A= 12Tx (VY0 Vi Vo + VYoV ¥ )
e possible destabilization of the potential for large Yu,p
e additional (scalar) d.o.f. contributions? £ 2> AsHTH¢?

(On the other hand Higgs couplings to gluons, photons not affected)



