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Quick recap: composite models

Basics:

@ Higgs boson is a composite pNGB, similar to the pion
> avoid naturalness problem

@ gauged EW symmetry as subgroup of global symmetry of composite
sector

o EW symmetry breaking realised dynamically
> two-step symmetry breaking to ensure sufficient separation of
strong scale

o Little Higgs: top quark embedded in incomplete representation of
global symmetry

Challenge: UV-complete model for Yukawa couplings & fermion masses
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Partial compositeness in a nutshell

composite sector elementary sector
operators describing composite states < known SM fermion fields
in complete multiplets

linear mixing o
> observed Yukawa couplings are a combination of strong sector

coupling Y to the Higgs and elementary-composite mixings fr, gr:

H

> elementary-composite mixing controls hierarchies of effective Yukawas
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Separating elementary and composite sector

Main idea:

separate spontaneous G — H breaking from explicit breaking of G

(incomplete gauge & fermion rep.)

composite sector
@ strongly coupled sector with
global symmetry G
@ spontaneous G — H breaking
by condensate

@ resonances in complete G
multiplets
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elementary sector
@ does not respect full G
symmetry
e gauged SU(2)r x U(1)y
symmetry
@ contains SM fermion fields
U, = 21/67 V,Rr = 12/3 etc.
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The two-sector Lagrangian

£CH = Ecomposite + Eelementary + Emix }

ﬁcomposite
non-linear sigma model Lagrangian involving complete G' multiplets
O, Opr and the nlom field X

ﬁelementary

Lagrangian containing elementary fermion fields ¥y, ¥ r with
SU(3). x SU(2)r, x U(1)y gauge symmetry

Emix

linear mixing term connecting the two sectors
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Linear mixing

Loix = fYLALOL + fURAROR

AL,R spurions
@ break G x [SU(2) x U(1)] to diagonal SU(2) x U(1)
@ source of explicit breaking of global symmetry

@ linear mixing between elementary fiels ¥, r and composite states in
Or.r with the same SU(2) x U(1) quantum numbers

> fermion mass eigenstates are admixtures of elementary and
composite states
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Fermion mass eigenstates

including composite sector masses for O, r

f\i/L/\LOL + f\i/R)\ROR +ML@LOL + MR@ROR

mixing composite masses
rotating to mass eigenbasis

()= (1)) ()= () (@)

with fr, ~ AL f/Mp, fr ~ Arf/Mp and assuming My g > AL pf

5 SM fermions are elementary with a (small) composite admixture }

parametrised by fr g
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Yukawa coupling

@ Yukawa coupling within composite sector — expect Y ~ O(1)
YO, HOR
@ elementary-composite mixing translates this into SM Yukawa coupling

yISMH gSM with y= f1Y fr J

@ including down-type quarks and three generations
viy = FYSL v = FYES

note: f%%? chosen diagonal w.l.0.g.
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From anarchic flavour to hierarchical Yukawas

@ assume structureless (“anarchic”) Yukawa couplingd Y*< in
composite sector

@ observed hierarchies in y*? then require hierarchical
elementary-composite mixings fq.,u,d

fl< i<l flspr<fy fl<fd<fd

. .. . . d
e possible origin: large anomalous dimensions d}"

q,u,d_
Ac>di 5/3

Fene) ~ £ (5
F

Ac — compositeness scale
Ap — fundamental high-energy cutoff scale

> hierarchy Ac < AF translates into hierarchical SM flavour sector
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CKM hierarchy from partial compositeness

hierachical structure of effective SM Yukawa couplings

ff s fi f1 fi f2 /i f3
Y~ fgfil fgf% fgfg de f2f1 f2f2 f2f3
S s 313 EV AN ENE N i

also generates small off-diagonal CKM elements:

f s f3
| | fé] ‘ b| f3 ‘ b| f3

> prediction: |Vis| - [Vap| ~ [Vipl

check: |Vys| ~ 0.2, [Vip| ~ 41072 > |Vis| - [Vip| ~ 8- 1073 ~ 2|V
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Suppression of FCNCs — the RS-GIM mechanism

@ composite sector generally introduces large tree level FCNCs

@ mediated to the SM fermions by elementary-composite mixing

> suppressed by the same hierarchical pattern that generates the
hierarchic quark masses and CKM mixing

Is this suppression sufficient?
@ mostly yes

@ however some tension with C'P violation in the kaon system (e, ¢’/¢)

> strong resonance masses > 10 TeV required — or some extended model
(or a bit of tuning of parameters)
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Top partners

large top quark mass requires y?™ ~ O(1)

o N
= —— ~0()

(A3“)2 + M7

Implications:
e large symmetry breaking spurions A3 ~ O(1)
@ top partner mass
Mr=g.f < A=A4rnf

> TeV-scale top partners observable at the LHC
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P;r symmetry and Zbb

tr, and by, share SU(2)1, doublet
> large top Yukawa implies large composite admixture also for by,

> large contribution to anomalous Zbrby, coupling, at odds with data

Discrete parity Prr : SU(2)r <> SU(2)r
@ generic Zvyn) coupling: ﬁ%(@% — Qsin® Oyy)
@ anomalous contribution Q% == Tg possible after EWSB
@ however SU(2)y left unbroken (custodial symmetry!)
> 6Q% =0Q3 +6Q% =0
e for Ppp eigenstates: 6Q3 =0

> embed (tL,bL) in SU(2)L X SU(2)R bidoublet
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Fermions in the MCHM

e symmetry breaking pattern SO(5) x U(1)x — SO(4) x U(1)x
e Higgs transforms as bidoublet H ~ 4y = (2,2),

@ composite top sector with Ppr symmetry
Liop = fAGLOg + fAGROy + fAadrOy
Og ~ 5973 = (2,2)9/3+ (1,1)93

Oy ~ 5973 = (2,2)9/3+ (1,1)9/3
Oa ~ 1033 — (2,2)9/3 + (1,3)2/3 + (3,1)9/3

> prediction of top partners with electric charge +5/3
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Summary

Study goal: partial compositeness
> elementary-composite mixing
> flavour hierarchies from anarchy H
> RS-GIM mechanism q q

> top partners

Reading assignment
@ chapter 3.4-3.7 of C. Csaki, S. Lombardo, O. Telem, TAS/I Lectures
on Non-Supersymmetric BSM Models, arXiv:1811.04279

o Prr symmetry: K. Agashe, R. Contino, L. Da Rold, A. Pomarol, A
custodial symmetry for Zbb, hep-ph/0605341
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