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QCD

Quantum Chromodynamics
describes interaction between quarks
negative S-function

nonperturbative at low energies

gauge group: SU(3)

L= Z\u (iD— my) ¥ ——Ga GaHv

Gi, = O“A,‘f — 0, A + gf*™ AD AS
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What happens at low energies? ﬂ("

cannot use QCD Lagrangian for perturbation theory anymore
quarks and gluons form a plethora of hadrons

protons and neutrons form nuclei

all other hadrons decay via the weak interaction

hadrons are much more massive than quarks
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Pions ﬂ("

a the three lightest mesons

® masses: 134,98 MeV (7°), 139,57 MeV (7 )

m much lighter than all other resonances (m;,, = 547,86 MeV)
@ pseudoscalar
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Where does the proton/neutron mass IT
come from? 3y

m proton and neutron form an isospin doublet W = <5>
m in the massless case we can decompose left- and right-handed
fields:
L=V, JV +iVgdV¥pr

1
WL,F? = 5(1 :F’}/S)W

m invariant under SU(2), ® SU(2)g

a Gell-Mann and Levi: generate mass through spontaneous breaking
of chiral symmetry
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Y -Model AT

L=iVgv — gV, Vg — gUrEiW, + L(X)

m Y transforms like LY RT under SU(2), ® SU(2)r
w £(X) invariant under SU(2), ® SU(2)g = L = f (Tr[£X])

m linear ansatz: ¥ = o + in@r? with simple symmetry breaking
potential with VEV F;; and the Pauli matrices 72

m nonlinear ansatz: ¥ = pexp (in?r?/F;)

@ both models break the chiral symmetry

w chiral current j¢ , = —(89,7%)Fr + O(¢?)
= (OnadlfE,|7°) = iFrp.6%°
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Mass sector AT

wwwwwwwwwwwwwwwwwwwwwwwwwwwwww

’
Linass =My W W™ + —MZZ“Z

o Z ( Muu(l 4 d(’)Mdd(/) + e(’)Me (/)) + h.c.

® scattering of longitudinally polarized W and Z bosons leads to
violation of unitarity

m rewrite boson masses by introducing X(x) = exp(io?x?/v)
a Goldstone bosons interact with vector bosons trough

o? oS
, a .
DNZ = 8MZ — Ig? Wuz + g Z?Bﬂ

m under SU(2), ® U(1)y X transforms as ¥ — UL(x)ZU\T,(x)
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Mass sector ﬂ("

V2 v T )\u 0
— f § : (1))
Lmass = 4 Tr [(DHZ) (DMZ):| - E — (UL d; ) > <)\dd,g) + h.c.

m vis the Higgs VEV

m in unitary gauge (X) = 1 this reproduces the former mass
Lagrangian
Miy

" p= M2 cos? Oy =1
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Custodial Symmetry AT

wwwwwwwwwwwwwwwwwwwwwwwwwwwwww

Lnass invariant under SU(2), ® SU(2)g for g’ = 0 and )\;’d =0
SU(2)¢ remains after EWSB

X2 triplett under SU(2)¢c = My = Mz

g # 0= My = Mzcos? Oy

Yukawa couplings lead to small corrections to p

Extensions of the SM should respect SU(2)¢
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SM Higgs Boson Q(lT
m introduce h(x) as a singlet under SU(2), ® SU(2)r

—_

Ly = =(9,h)? + V(h)

N
]

h \uyt)
o @A)z (1+c)+ o) (50)
+ h.c.

® unitarizes scattering of Goldstone bosonsfora=b=c¢c =1
m takes the standard form with:

H(x) = % exp(io?x?/v) <v + h(X))
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Why would one want another strong AT

sector?

® no mass corrections from above the compositness scale
= solves hierachy problem

® new resonances unitarize theory

a possible connection to higher dimensional models
= new physics to explore
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Ingredients

wwwwwwwwwww

a global symmetry G, broken down to H; at a scale f
= n = dim(G) — dim(H; ) Goldstone bosons

® Hy C G gauged by external vector bosons
a H = Hy N Hy unbroken gauge group
= ng = dim(Hp) — dim(H) eaten up = n — ng survive
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A minimal example ﬂ("

m Forthe SM Hy = SU(2), ® U(1)y
m G = SO(5) ® U(1)x broken down to SO(4) ® U(1)x

=n=4
m Hy C SO(4) ~ SU(2). ® SU(2)g
=n =0

hypercharge generator Y = T3 + X
(H, H®) transforms as (2, 2) under SU(2), ® SU(2)g
SU(2). ® U(1)y unbroken at tree level

G explicitly broken by couplings of SM particles to the strong sector
= fermions and gauge bosons generate Higgs potential

® My ~ gsmV, My ~ gpf
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Back to the > -model ﬂ("

¥ = Yoexp (—iv2T3h3(x)/f)
m X preserves SO(4) symmetry: o = (0,0,0,0,1)
= ¥ = S0 (gt w2 18 K4, heot(h/f))
m consider the whole SO(5) ® U(1)x is gauged, so we can write £ in
momentum space:
£ = 1P [MX(G®) XX, + No(G?) THALAL) + M1 (q?)TALA,XT]
m > classical background, derivative interactions not included
m expanding around X4 one obtains
£ =3P [NF(P)XuX, + Na(0®) THAZAZ) + Ma(a®)AZAZ],
Ma=Mo, My = Mo+
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Back to the > -model ﬂ("

m from our discussion of pions we can deduce that
PF'M5(0) = (J4(0)J5(0)) = %

® a similar discussion leads to 1,(0) = 0
= Mp(0) = My (0) = 0,MM4(0) = £

m switching off the unphysical gauge fields and using our ansatz for >
we obtain

=3P [ (M5 + o(a?) + =00, (7)) 3,6,

ia2

sin“(h/f
+ (Mote?) + () ) wawg
+2sin2(h/f)r|1(q2)F/TTaLYF/AgLBV]
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Let’s compare this to the SM \‘(lT

w for g° < m5 and aligning the Higgs VEV along the h® direction we
obtain

N —

R 2sin((h)/f) 38 _ oWAB
L = P y (BMBV+WHWV 2W’B,)

f2 sin? _
< ) W;WV

+ MWWz + (Mh(0) + NY'(0))B,5,] +

_|_

a for the gauge couplings we obtain é = —5(0) and
5 = —(My(0) + MY(0))
m the Higgs VEV is given by v = fsin ) > , define £ = ,2
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Let’s compare this to the SM ﬂ("

u expanding 2 sin? I leads to v2 + 2v\/T — Eh + (1 — 2£)h? where h
is now the physical Higgs field

a w.r.t the SM the VVh and VVhh couplings are modified:
gwn = gV T — & Guumn = Gomps(1 — 2€)

m thismeansa=+/1—¢Cand b= (1—2¢)

m for nonvanishing & the Higgs only partly unitarizes the scattering of
vector bosons

m for £ =1 f = v and we obtain a minimal Technicolor theory with a
light scalar
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What changes w.r.t Fermions? ﬂ("

a things work different than in the boson sector
m have to choose a representation of SO(5) in which the fermions live
m spinorial representation (MCHM4): ¢ = /1 — &

. . 1-2¢
a fundamental representation (MCHM5): ¢ = —=
p ( ) ¢
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How do observables change in the A
MCHM4? SIT

fermionic and bosonic couplings scale by a factor of v/1 — &
branching ratios remain the same

total width reduced by a factor 1 — ¢

the same for production cross-sections

in principle loop induced decays could be modified by new particles
(e.g. top-partners)
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How do observables change in the A
MCHMS5? SIT

m fermionic and bosonic couplings scale differently
(1 2&)

partial decay width for fermions and gluons reduced by

partial decay width for vector bosons reduced by (1 — &)

Higgs coupling to photons more complicated, since there are
fermion- and W-loops

gluon fusion and ttH cross-sections reduced by (G 2?
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How do branching ratios change in the IT
MCHM5? =R

1
BR(H)
M,=120 GeV
MCHM5

10"

102

10°

Figure: Espinosa, Grojean and Mihlleitner [arXiv:1003.3251]
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