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Introduction: The Hierarchy Problem

» Higgs mass is unstable under radiative corrections
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» new strong dynamics limits the UV sensitivity

» Higgs realized as a Goldstone boson can be naturally light
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» Higgs realized as be naturally light

‘minimal spontaneous symmetry breaking pattern in the
strong sector:

SO(5) @ SO(4) atascalef

o SO(4)~SU()L SU(2)r of the SM

e 4 Goldstone bosons in the 4 of SO(4) ~ Higgs doublet

e strong sector doesn’t break custodial symmetry




Introduction: Composite Higgs

» Higgs realized as be naturally light

explicit SO(5) breaking via interactions with SM fermions
and gauge bosons

e Higgs acquires potential which fixes its VEV v < f
and provides a mass

e Higgs mass is proportional to the strength of external
perturbations




Partial Compositeness

» explicit breaking & partial compositeness

eclementary and composite sector communicate via linear mixing
of elementary and composite states

massless SM fields A EL T composite resonances

tr, tR AptrT T T H

[ Kaplan‘91;Agashe,Contino,Pomarol’os]
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Partial Compositeness

» explicit breaking & partial compositeness

eclementary and composite sector communicate via linear mixing

of elementary and composite states ‘

SM fermions become “partially composite”

tr, = cosortr +sinor, I,

with a degree of compositeness

e SM fermion

ArAp (h)
min(Mz, Mz) f
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top mixings are the most sizable !



Partial Compositeness

» explicit breaking & partial compositeness

eclementary and composite sector communicate via linear mixing
of elementary and composite states

massless SM fields A EL T composite resonances
tr, TR ApinT T T H
e SM fermions mass generation: e Higgs mass generation
h tr
(h) NN
" Ar : AR H H
L % — g ek G SEEE R
1 T
1
ApA h
Wil ™ — (") My ~~ A"

min(Mr, Mz) f

top mixings are the most sizable !



Partial Compositeness

» explicit breaking & partial compositeness

eclementary and composite sector communicate via linear mixing
of elementary and composite states

massless SM fields A EL T composite resonances
tr TR AptrT T T H
e SM fermions mass generation: e Higgs mass generation
h L
(h) NN
Ar : H
tr N\l e
T composite Higgs
needs T
A AR light top partners AR
M min(Mp, M. Mg ~

top mixings are the most$izable !



Partial Compositeness

» Results in concrete calculable models:

® Higgs is too heavy
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top mixings are the most¥izable !



Testing CH

Higgs partial widths

Longitudinal gauge boson scattering
Searches for SM fermion compositeness
Flavour

Electroweak precision tests

Direct searches



Fermionic Top Partners

e SO(4) ~SU(2)r, x SU(2)g symmetry -> composite resonances
are SO(4) multiplets

2 singlet 1

2 4-plet 1y

2 9-plet g

P ...



Mass spectrum




Couplings to SM

Top partners are charged under SM gauge groups:

e color triplets -> interactions with gluons the same as for SM
quarks

e charged under broken SU(2)xU(1)y
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e color triplets -> interactions with gluons the same as for SM
quarks

e charged under broken SU(2)xU(1)y
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Top partners are charged under SM gauge groups:

e color triplets -> interactions with gluons the same as for SM
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e color triplets -> interactions with gluons the same as for SM
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Couplings to SM

Top partners are charged under SM gauge groups:

e color triplets -> interactions with gluons the same as for SM
quarks

e charged under broken SU(2)xU(1)y

<%L> Zu>W, production
: ; >
tr x Y41 X _¢4/1
by X decay

<

— tL
L
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+ interactions with the Higgs, also follow the rule above



Production mechanisms

single production

pair production

with a top qua
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with a bottom

[Contino,Servant;Mrazek, Wulzer]




Production mechanisms

pair production single production
- | K N
with a top quark with a bottom
G (2
C] > > q/ q > > q
W,z W, Z
Y P
¢ b
G < L & =
G W | |
L ITTITITTITTTITTT  —— T ——— T ——
e two heavy states e only one heavy state
e a lot of high-pt final e less final states
states
e Only QCD e involves weak coupling
e model independent e additional test of a

model structure



Production mechanisms

pair production
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Production mechanisms

pair production

single produ
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Connecting theory and experiment
Th:

preferred types of top partners single production

decay channels
coupling strength is model dependent

particles come in multiplets increasing the number of
signal events
mass splitting is model dependent
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Connecting theory and experiment

EXp:

level 1

most universal thing: test the typical channels and provide
maximum of information needed for recast:

simple parametrization for the signal to account for BR’s,
different production channels and a pile-up from different
partners

Th
bound on
0
Osignal = Z OT € Tpair + O € X TG0
(%
EXp
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Connecting theory and experiment

EXp:

level 2

exclusion in terms of parameters of a simplified model
(such as http://hepmdb.soton.ac.uk/hepmdb:0214.0153)
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Connecting theory and experiment

EXp:

level 2

exclusion in terms of parameters of a simplified model
(such as http://hepmdb.soton.ac.uk/hepmdb:0214.0153)
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Connecting theory and experiment
Exp:
level 3

bounds on a parameter space of some more complete model
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Summary

J€ Hierarchy problem motivates searches for the Higgs compositeness.

€ Observed value of the Higgs mass implies a presence of composite
fermionic resonances lighter than ~1.5 TeV.

3¢ LHC has already started probing a natural region of the CH parameter
space. 13 TeV LHC will be sensitive to new production channels important for
the full exploration of the natural region of parameters.
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Recast of experimental searches: X;,; — Wt

X
o“‘ 5/3
2700000
A
‘. X5/3

features:

e pair produced Xs5/3
e 2 same sign leptons

e (b-taqg)

e at least N (=2 for ATLAS and 5

for CMS) jets

[ ATLAS-CONF-2013-051, CMS PAS B2G-12-012 ]
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Recast of experimental searches: X;,; — Wt

e 2 particles contribute to the same final states

D X5/3
D
O
“
“ X5/3
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Recast of experimental searches: X;,; — Wt

e 2 particles contribute to the same final states




Bounds on charge-8/3 state

3 same-sign leptons

1400 1600 1800

Msg/;3 [GeV]

1000 1200

2000

21



Summary of Exclusions

05 10 15 20 25 M][TeV]
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EFT for composite fermions

Goldstone matrix U = exp [¢aTa’/f]

N

Liging = Yr4 J qr Uy

fourplet =~

singlet «==

YR4 ffR U 4

embeddings break the Goldstone symmetry

24



Production mechanisms

single production
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EFT for composite fermions

2 singlet 1

2 4-plet 4

2 9-plet g

ro = 92/3 ro = 1443
ry — 92/3 — M914
ry = 42/3 M4; M4,
Ty — 12/3 M15 M114
50(4)

50(5)



Mass spectrum: 9-plet

NU2/M¢ NU2/M¢
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Introduction: Composite Higgs

» simplified example: SO(3)/SO(2)

—

f Is @a non-SO(3) symmetric vacuum state

—

gb - 2 goldstone bosons corresponding to excitations along broken rotations



Introduction: Composite Higgs

» simplified example: SO(3)/SO(2)

position of the SO(2) inside of SO(3) is not fixed, goldstone fields have no potential



Introduction: Composite Higgs

» simplified example: SO(3)/SO(2)

explicit weak breaking of SO(3) by external source



Introduction: Composite Higgs

» simplified example: SO(3)/SO(2)

—

A

e projection of the strong sector condensate breaks the symmetry of the external source

: h
e breaking scale of the external symmetry is lower: Vgps = f82n<¢> (qb — <_f>)

e Higgs mass is proportional to the strength of external perturbation



