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@ Flavor puzzle

a The clockwork mechanism

e A clockwork model of flavor

o Phenomenology
@ The clockwork GIM mechanism
@ Low-energy bounds
@ Landau poles of as

e Comparison with Froggatt-Nielsen
@ Collider signatures
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The flavor puzzle of the SM

@ The matter content of the SM comes in 3 almost identical generations
» Symmetry broken by Yukawa couplings

—Ly = qLYqdrH + (_]LYUU/:{F/—F ?; YeegH + h.c. J

@ Masses M, = L,Y,R), My = Ly Y4R), and mixing, Vckm = L, L], are hierarchical!
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The flavor puzzle of the SM

@ The matter content of the SM comes in 3 almost identical generations
» Symmetry broken by Yukawa couplings

—Ly = g, YodaH + §. YourH + 2, YeerH + h.c. |

@ Rotations are “not physical” in the SM ,only masses and Vckm

Where does flavor come from?
Geometrical: a /a Warped x-dimensions Anp ~ ANatural Randall&Sundrum'es

Dynamical: Horizontal symmetries Axp > ANatural FroggatiaNielsen ‘78
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The clockwork mechanism

@ Generic mechanism to produce exponential hierarchies

Choi & Im "15, Kaplan & Rattazzi '15,Giudice & McCullough’16

gw georr = g x ¢
1 1 1

— X =X...X =

. g 7 N - times

Kamenik's at PLANCK'17
o Effective scale: At = N/ Gesr

Solve the EW hierarchy problem
by making vew = Mp x gV J
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Clockworking a single fermion

@ Chiral fermion g = Chain of “mirror” N vector-like fermions ciuice & mccuiiougn 16

YRo_ 11{1211 1[{3,2 wg,wﬂ w‘R,N

o < m!
vo—gm~

L1 \ U}L,z YN YN

N N N B

Ly = iZm,,-Wm + I'Z Doy — mz (YLjvrj — QLjbrj-1) +hec.,
j=0 j=1 j=1

@ Asymmetric “off-site” interaction

One chiral fermion remains
N+ (N + 1) x symmetries — 2 N x-breaking parametersJ

@ The N-vector-like fermions mx ~ m: Gears
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The clockwork physical basis

@ Spectrum

Am ~ 2m

> Mass gap: My ~ m(q—1)

* Limit g — 1 = Alight gear

my~ (g — Ljm

> Spectrum: Within a band ~ 2m

* Limit g > 1 = my ~ gm: compressed Discrete
Clockwork

McCullough&Giudice arXiv: 1610.07962
@ Mixings

> Overlaps ff: Mixings with the 0-th “node”

N
R K R
d’l’f{,k = Z ijwﬁ,b fw = Vok
j=0

Clockwork mechanism
Node / S ~1/q" for g> 1 J

J. Martin Camalich (CERN) A clockwork model of flavor April 19th 2018 6/19



A clockwork model of flavor
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Simple recipe
@ Each SM field « in a family i has a clockwork chain (Qug) N¥®)
© Identify the massless fermions with the SM fields
© Make the SM-Higgs doublet interact to all chains at the “0-node”

=S (Lug) g+ o ) =5 [(YD) ;O H o+ (vv) ;8% F/ug?omc.] ,

Q Adjust (qy, N¥®) to reproduce the exponential flavor hierarchies

v
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The flavor clockwork in action

@ Start with anarchic Yukawa matrices Yy, Yp

(YLS/M)U. = faw) (Yu); fu, (YES»M)U. = faw (Y0 fag)

» Zero-mode overlaps: fw(i) ~ q;(lzl)w(i)

o ThlS prOduceS . . . Froggatt & Nielsen '78
» CKM mixings
faiy . . .
(Verm)j = ——, i<j Fix doublet overlaps
fa()
» Masses of SM quarks

Mygjy ~ v fQ(,') fu(i)7 Mgy ~ vV fo(,') fd(i) Fix singlet overlaps
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The flavor clockwork in action

@ Phenomenological scalings

fary ~ A%, fae) ~ A2, fa@) ~ 1,
fuy ~ X%, fuey ~ N2, fymy ~ 1,
fary ~ X%, fae) ~ A%, ey ~ A%

@ lllustrative benchmark for proto-Yukawas

2.68—1.14¢ 1.154+0.34¢ —1.2840.63¢
Y= —-035-1.0040.53+0.28 ¢ 0.28+1.14 1
—1.1340.85¢ 0.194+0.31 ¢ 0.76 — 0.12 4

—1.76 +0.574 0.57 —0.094 0.30 +0.10 2
Yp=1 023+052¢ 0.04-0914 0.73 —0.67 14
02340434 —0.63—-0.16 i 0.04 —0.97 1

» Lead to the right quark masses and CKM!

Similar to solutions of flavor puzzle in Randall-Sundrum or Froggatt-Nielsen
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Variations of the flavor-clockwork model

@ “Randall-Sundrum” variation: Same N,,;y = N for all /) and i, different q,;

» Large number of mirror fermions: 9 x N
» Unsuppressed Q(3) and u(3) = q ~ 1 = Light gears

@ “Froggatt-Nielsen” variation: Same 1/q = X for all 1) and /, different N,;
» Number of mirror fermions can be minimized
» g > 1 — Compressed gear spectrum my ~ gm
> Artist’s impression of the FN setup
0 008y, ol . OO0 .,
2 LA Yy L o 293 @ QQS D Qg
i e

» This setup require 5 doublet gears, 7 u-type gears and 11 d-type gears
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Low-energy consequences: The clockwork GIM mechanism

@ Gears (VLQs) can have disruptive effects in low-energy flavor observables!

Bobeth et al. JHEP 1704 (2017) 079

» Contributions to FCNCs can push the flavor-mass scale to PeV!

» Example: Contributions to Higgs and weak boson couplings

|

Anomalous dy;ydy ;) Z couplings:

Clockwork GIM mechanism

SM-gear mixing via Higgs => Overlap ~ (1‘¢(,»))2 suppression!
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Low-energy consequences: Neutral-meson mixing

o Tree-level at O(v*/m*)

v

(a)

vj i
N .
" N v
wh, N B
PN
. N
¥i Vi
(b)

@ However these contributions are very suppresed by overlaps
» For example, K-K mixing the “leading” contribution is of the type

(faey fa@))? (BuytdL)? ~ A0 (EL'Y'udL)ZJ

* Same parametric suppression (and structure) as the top-box in the SM!
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Low-energy systematically: SMEFT

@ Contributions of the gears in the SMEFT if m >> vew suchmuler & wyierss, ..

ol

o | (HDuH) Qe | O0) [ (@i Qu)(@ums)
B} : €] \ \
Oy, | (HUDLH) Quarr'ey | O3 | Qe Qu)(Qur'Qr)
=3 A N \
£(6) _ § : w; O Ot HUD  H) gy ug O}‘:,i (Qr"Qr)(draudr)
MEFT — B = Nie |
S Ona H'fﬁﬂﬁ dpydp O‘(‘:j QA QLR uR)
Ot (BI:'U“H) ipytdp Oy (A" dp)dprady)
Ounr (H'H)C:}thup [ (G ur)(EryunR)
[ (HTH)Q Hdy

ol

@ Match neutral-meson mixing to one-loop accuracy at O(v?/m?)

> ?H?D — tree-level matching
+* operators — one loop matching
EW RGE of 42H2D at one-loop

vyvyy

One-loop matching between SMEFT and Low-Energy-EFT
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Low-energy observables

(] EWPO: Weak bOSOﬂ LH and RH COUplingS tO the qUarkS Falkowski, Gonzalez-Alonso, Mimouni.17

My =2 5TeV, M,=05TeV, Mgz 0.1 TeVJ

> One of strongest bounds from Z — by b; : It is not suppressed by overlaps!
@ Rare decays: AS=1,AB=1,AC=1,...

My25TeV, M,201TeV |

"] Neutral'meson mixing: K'R, B'B, D'D, . . « M. Bona et al.'16, UTfit collaboration
» The contributions of the gears is complicated . ..

Process U D Q UD UQ DQ
B.-B, AL ot AL, x and
By-Bg A6 X6 x and
K-K AL o A0 and o A1 ot Al gt A2
D-D | M9 x and & A0y N0 et
1 = x-enhancement; * =logarithmic enhancement
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Bounds scanning over models

e Strategy: Scan over anarchic proto-Yukawas leading to suitable Y3,
» For each model, derive the stringest bounds on My, My, Mq from all observables

@ Scan 1: Assume only 1 type of gear active (decouple the other two)

100000

80000

60000

40000

Number of models

20000

0 2 4 6 8 10 12
Myear

> U-and D-gears can be very light M, 4 < 10 TeV
» Q-gears unconstrained!
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Bounds scanning over models

@ Strategy: Scan over anarchic proto-Yukawas leading to suitable Y[%
» For each model, derive the stringest bounds on My, My, Mg from all observables

@ Scan 2: Fix Mg = 2 TeV and put bounds on M, and My
» Rationale: Dangerous contributions to meson mixing from QU and QD diagrams

Most of our clockwork models can live at the TeV scale!J
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Bounds scanning over models

@ Strategy: Scan over anarchic proto-Yukawas leading to suitable Y3,
» For each model, derive the stringest bounds on My, My, Mq from all observables

@ Remember our benchmark model. ..

2.68—1.14¢ 1.154+0.34¢ —1.2840.63 ¢
Yp=| -035-1.0040.53+0.28¢ 028+ 1.144¢ |,

—1.1340.85¢ 0.194+0.31 i 0.76 — 0.12 4

—1.76 +0.57¢ 0.57—-0.09+¢ 0.30 +0.10 ¢

Yp=1 023+052¢ 0.04-0914 0.73-0.674 |,
02340434 —0.63—-0.16 i 0.04 —0.97 1

@ We obtain ...

M, z 3.8TeV, M,

~

259TeV, (Mg=2TeV) |
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Bounds from Landau poles in ag
@ New colored states change the S-function of QCD

das
dinp

11N — 2N
3 )

2
_ Qs _
=—208o . Bo

» For Ny > 16 QCD develops a UV Landau pole!
@ Demanding Agep > 100 x Me.r we set a bound on N;

60 — : : : 5

551

50+ ALandau>10Ms | 4

45 0
= 40/ g

35¢ 132

30¢

25¢ 12

2 ‘ ‘ ‘ ‘

0 1 2 3 4 5
M [TeV]

@ In our benchmark N; = 34 =—> Aqcp ~ 100 TeV
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Comparison with Froggatt-Nielsen mechanism

@ Clockwork model of flavor looks similar to Froggatt-Nielsen
> Horizontal symmetry # (U(1))

* Different charges to fields in different generations
* Add mirror VLQs and scalars (flavon) charged under H

qL,0 q1 q2 qnN un U2 Uy URp

¢

X

¢

[P
ks
[P

H(Q))+H(d; H(Q)+H(y)) 5
v=0v0); (4) (O &g+ (vy), i(5%) e

@ Hierarchies in small parameter (¢)/M given dynamically by the charges!

@ Richer phenomenology —> Flavons, gauged horizontal bosons, etc

i X i Y f, £
o ¥ o 7 PP, .
yi v 7 N N N
ol x b q hofle Xk "
A S .
y fi I
(b) (©

()

» Bounds typically in the order of 50 TeV - 1 PeV caiibi, Lalak, Pokorski, Ziegler arXiv: 1204.1275
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Pointing to a UV completion of the clockwork flavor model

@ Clockwork mechanism is nondynamical as is
» Where does the g spurion comes from?

@ |t can be UV-completed with an # & /a FN!
qM=(¢) > M |

qrL.,o qr.a LN qL,N, UL, N, ur2 U1
mi Gy ™) m_-tgy 15 mi mi g ™,
qRr.1 qR2 qR,N, URN,  URN, 1 UR1 URO

@ “Inverted” Froggatt-Nielsen mechanism

@ Does it help reducing flavon contributions?
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Collider signatures from the clockwork gears
@ Pair-produce lightest gears of Q-type at the LHC via gg fusion

g » Heaviest gears decay down the clockwork-chain

W HZ » Eventually they decay into t;, b; and h, W and Z

o LHC searches of VLQs set bounds typically of O(1) TeV
@ Need more sophisticated searches ...
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Collider signatures from the clockwork gears
@ Pair-produce lightest gears of Q-type at the LHC via gg fusion

" » Heaviest gears decay down the clockwork-chain

W2 » Eventually they decay into {;, b; and h, W and Z

bt

@ LHC searches of VLQs set bounds typically of O(1) TeV
@ Need more sophisticated searches ...

@ Psychodelic collider pheno (in progress) ...

» Decay patterns of gears

* Central node: SM fermion

* Colored bulbs: Gears classified by mass (order)
and width (size)

* Lines: Decays with thickness representing BR

» Simulating this in MG for promising signals!
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Conclusions

@ Clockwork mechanism: Solution to the EW hierarchy problem by reducing Mp

@ Can we solve the flavor puzzle within this paradigm with low mass scale?

YES!.. |

@ ... If we forget about “Where does the clockwork comes from?”

@ If not, we are in a Froggatt-Nielsen setup with < ¢ >> M ...
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