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Electroweak Symmetry

Gauge Principle

SU(2)L × U(1)Y ⇒ EW interactions

theory = experiment ... to high precision
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ESB puzzle

masses break EW symmetry

How to reconcile EW symmetry with masses?

spontaneous symmetry breaking

symm(vacuum) < symm(Lagr)

LEW,m=0 −→ LEW,m=0 + Lspont.ESB

→ masses introduced

→ EW symmetry saved

the puzzle: Lspont.ESB = ?
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M. Gintner, J. Juráň, I. Melo top-BESS Model



Introduction
top-BESS Model
Phenomenology

ESB puzzle

masses break EW symmetry

How to reconcile EW symmetry with masses?

spontaneous symmetry breaking

symm(vacuum) < symm(Lagr)

LEW,m=0 −→ LEW,m=0 + Lspont.ESB

→ masses introduced

→ EW symmetry saved

the puzzle: Lspont.ESB = ?
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Benchmark hypothesis → SM Higgs

SU(2)L complex scalar doublet Φ v = 〈0|Φ|0〉

Higgs boson

theoretical pathologies → just a good parameterization of ESB?
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ESB alternatives

strongly interacting:

- new non-perturbative forces
- new particles → bound states
- TC and its extensions

↘

weakly interacting:

- new perturbative forces
- new elementary fields
- more Higgses, SUSY

↙

extra-dimensions:

- 4D strongly interacting ←→ 5D weakly interacting

- Kaluza-Klein towers
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New particles WANTED!

Model InDependent

heavy/no Higgs violates unitarity ≈ 1 TeV

Model Dependent

SUSY: ... superpartners, Higgs-like scalars

TC: ... bound states

extra-dim: ... KK towers
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Effective description of Strong ESB

SU(2)L × U(1)Y broken dynamically

LHC → the lightest BSM resonances

not solvable perturbatively

chiral effective Lagrangian for Goldstone bosons

nonlinear sigma model

... + resonances

scalar, vector, ...
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Outstanding Top Quark

mt ≈ v/
√

2 → special role in ESB?

new physics behind mt

↙

ESB related

W±, Z, t ... couple significantly to
the same new resonances
(Extended TC)

↘

ESB unrelated

t vs. W±, Z ... couple significantly
to different new resonances
(Topcolor Assisted TC)
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Minimal ESB requirements

G
SSB−→ H

G = SU(2)L × SU(2)R, H = SU(2)L+R

massive W±, Z ... Nambu-Goldstone bosons

MW,Z ∼ v = 1/
√

21/2GF ≈ 250 GeV
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Higgsless ESB

G/H non-linear sigma model ... no Higgs boson

ESB: G = SU(2)L × S(U)R → H = SU(2)L+R ... G/H = SU(2)L−R

L =
v2

4
Tr[(∂µU

†)(∂µU)] ≈ 1

2
(∂µπ

a)(∂µπa) +O(1/v)

U = e2iπ(x)/v ≈ I + 2i
v
πa(x)τa ... [τa, τb] = iεabcτc, a, b, c = 1, 2, 3

G : U → gL U g†R ... gL,R ∈ SU(2)L,R
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Higgsless ESB + Vector Resonances

S. Weinberg (1968)
χPT, nonlinear realizations of chiral symmetry: pions + ρ mesons

C. Callan, S. Coleman, J. Wess, B. Zumino (1969)
effective (phenomenological) Lagrangians with SSB, nonlinear realization

M. Bando, T. Kugo, K. Yamawaki (1984)
hidden local symmetries in NLσM’s
GB’s of HLS = vector resonances of NLσM’s

R. Casalbuoni, S. De Curtis, D. Dominici, R. Gatto (1985)
Breaking Electroweak Symmetry Strongly (BESS)
SU(2)L+R HLS → a new dynamical vector boson resonance
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HLS and dynamical vector resonance

Any NLσM(G/H) is gauge equivalent to “linear” Gglob ×Hloc model.

vector resonances = dynamical Hloc gauge bosons

spont. breaking of Hloc → mass for V aµ (x) multiplet

MV =

√
α g′′v

2

EW gauge bosons → mixing

QCD ρ-meson = dynamical GB of [SU(2)L × SU(2)R]glob × SU(2)locV

α = 2 ⇒ Sakurai’s Lagrangian with ρ-γ mixing and ρ dominance
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BESS Model

R. Casalbuoni, S. De Curtis, D. Dominici, R. Gatto
PLB155, 95 (1985), NPB282, 235 (1987)

Breaking Electroweak Symmetry Strongly

strong ESB: 6HSM + new vector resonances

effective Lagrangian: NLσM + SU(2)L+R vector triplet

HLS:

� global symmetry:
SU(2)L × SU(2)R × U(1)B−L × SU(2)HLS

SSB−→ SU(2)L+R × U(1)B−L

� local symmetry:

SU(2)L × U(1)Y × SU(2)HLS
SSB−→ U(1)em

g g′ g′′ e

SM fermions:
� direct cplng: universal chiral ... bg′′, b′g′′

� indirect cplng: GB-mixing induced ... 1/g′′
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BESS Model: gauge sector

g �
√
αg′′ ⇔ MW± ,MZ �MV 0

neutral

MA = 0

MZ =
vG

2

[
1−

(g2 − g′2)2

2g′′2G2

]

M
V 0 =

√
αvg′′

2

(
1 +

G2

2g′′2

)

... G =
√
g2 + g′2

charged

M
W± =

vg

2

(
1−

g2

2g′′2

)

M
V± =

√
αvg′′

2

(
1 +

g2

2g′′2

)

V -triplet decoupling: g′′ →∞, α fixed ⇒ MV →∞

V -triplet non-decoupling: g′′ fixed, α→∞ ⇒ MV →∞
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BESS Model: low-energy limits

0.008 ≤ b ≤ 0.015 @ 90%C.L. ... when g′′ = 10

� A`FB at Z-peak

� Γ(Z → `¯̀)

b′ → 0

� R-neutrinos absent

� KL −KS mass difference
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top-BESS Model

gauge sector identical to BESS

fermion sector :

� motivation: extraordinary mt

� 3rd quark generation singled out ... bL, bR

� bottomR disentangled from topR ... p

� new fermion Lagrangian terms ... λL, λR

♣ negligible at V -peak

♣ significantly relax low-energy limits

� consequences: weakened low-energy limits on b’s (... and λ’s)

parity:

� gauge sector parity invariant

� new fermion physics parity invariant only if p = 1, bL = bR, λL = −λR
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Top-BESS: new couplings

HLS vector triplet couplings:

SU(2)HLS gauge coupling ... g′′

V 0tLtL, V ±tLbL, V 0bLbL ... bL · g′′

V 0tRtR ... bR · g′′

V ±tRbR ... p · bR · g′′, 0 ≤ p ≤ 1

V 0bRbR ... p2 · bR · g′′

2 lambda terms ... λL, λR

- negligible at V -peak
- modify interaction of fermions with EW gauge bosons

M. Gintner, J. Juráň, I. Melo top-BESS Model



Introduction
top-BESS Model
Phenomenology

Decay Widths

predominantly: V → (W,Z) + (t, b) ... with an exception

V 0 total width
(GeV)

M
V 0 = 1 TeV

g′′ = 20

p = 1

p = 0

V± total width
(GeV)

M
V 0 = 1 TeV

g′′ = 20

Branching
Ratios
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Unitarity constraints

SS† = I

W+
LW

−
L , ZLZL, W±L ZL, W±LW

±
L

tree level

J = 0 partial waves

Equivalence Theorem ... MW,Z �
√
s� 4πv ≈ 3 TeV

Esat = 1.5MV

bL,R = λL,R = 0
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Unitarity & new fermion couplings

β = [b2L + b2R(1 + p2)/2]1/2

MV = 1 TeV MV = 2 TeV MV = 2.3 TeV

Esat = 1.5MV ⇒
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low-E tBESS: matching the experiment

LtBESS −→ Llow−E
tBESS ... integrating out V

1 the non-decoupling limit α→∞ (g′′ fixed) ... MV →∞
2 EofM → LtBESS ... V µ = (W µ + Bµ)/2

3 renormalize fields, masses, couplings ... Llow−EtBESS

Obtaining low-E limits ... Llow−EtBESS

1 measured observables = f(tBESS params) ... M,Γ, AFB , etc.

2 find deviations from the SM relations

M
2
W /M

2
Z = c

2
θ

(
1−

s2θ

c2θ
∆rW

)
, etc.

... the deviations are function of tBESS params

3 measurements → deviations → (limits on) tBESS params
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low-energy data

LEP + SLC + Tevatron ⇒ measured observables

EWPD epsilon analysis

ε1, ε2, ε3, εb ← deviations restructured ...
ε2 = ε2(∆rW , . . .), etc.

m2
t → lnmt

ε1 ← Γ(Z → `¯̀) +A`FB
ε3 ← Γ(Z → `¯̀) +A`FB
ε2 ← +MW /MZ

εb ← + Γ(Z → bb̄)

ε1 = ε2 = ε3 = εb = 0 ← SM tree level
QED+QCD loops

... independent of mt and MH

δεSM ← SM weak loops ... mt and MH enters
δεNP ← BSM trees and loops ... new physics enters

B → Xsγ

- limits on W±tLbL and W±tRbR vertices

pp̄→WZX (D0 Tevatron)

- limits on anomalous cplngs of WWZ
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low-E limits on g′′

tree SM loops NP loops

Wtb Ztt Zbb

ε1 ! ! ! ! ×
ε3 ! ! × × ×
εb ! ! ! ! ×

⇓

tBESS excluded at 72% C.L., 90% C.L., 95% C.L.

MH = 0.3 TeV

MH = 1 TeV

MH = 2 TeV

0 20 40 60 80 100

1.0
0.5

5.0

0.1

10.0

g0
"

P
ro

ba
bi

lit
y

g"
<

g 0"
H%

L

TWO SOLUTIONS:

remove deficiencies
� missing NP loops

� “SM+NP loops” approximation

introduce new direct couplings of light fermions to tBESS triplet
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low-E limits on fermion parameters ... bL,R, λL,R

Λ = 1 TeV
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g′′ = 10
g′′ =∞

p = 0

Λ = 2 TeV
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The intersections of the 90% C.L. allowed regions: ε1, εb, B → Xsγ

fine tuning < 10% ⇒ |bL| ≤ 0.13
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The intersections of the 90% C.L. allowed regions: ε1, εb, B → Xsγ

fine tuning < 10% ⇒ |bL| ≤ 0.13
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The Death Valley

direct + indirect cplngs ⇒ DV

V 0 → tt̄
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The Death Valley regions for the principal decay channels of the V resonances.
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The Death Valley

direct + indirect cplngs ⇒ DV

V 0 → tt̄
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The Death Valley regions for the principal decay channels of the V resonances.
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Hiding the peak

MV = 1 TeV, g′′ = 20, p = 0, λR = 0

e+e− → W+W−

ud̄→ W+Z

e+e− → tt̄

ud̄→ tb̄

e+e− → bb̄

no direct cplng

bL = 0

bR = 0

λL = 0

The illustration of the peak hiding effect.
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Hiding the peak

MV = 1 TeV, g′′ = 20, p = 0, λR = 0

e+e− → W+W−

ud̄→ W+Z

e+e− → tt̄

ud̄→ tb̄

e+e− → bb̄

outside the DV

bL = −0.010

bR = +0.030

λL = 0

The illustration of the peak hiding effect.

M. Gintner, J. Juráň, I. Melo top-BESS Model



Introduction
top-BESS Model
Phenomenology

Hiding the peak

MV = 1 TeV, g′′ = 20, p = 0, λR = 0

e+e− → W+W−

ud̄→ W+Z

e+e− → tt̄

ud̄→ tb̄

e+e− → bb̄

tb̄ & bb̄ in the DV

bL = +0.009

bR = +0.030

λL = +0.006

The illustration of the peak hiding effect.
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Hiding the peak

MV = 1 TeV, g′′ = 20, p = 0, λR = 0

e+e− → W+W−

ud̄→ W+Z

e+e− → tt̄

ud̄→ tb̄

e+e− → bb̄

all in the DV

bL = +0.0098

bR = +0.0034

λL = +0.006

The illustration of the peak hiding effect.
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LHC: Drell-Yan processes

MV = 1 TeV, g′′ = 20; MH = 115 GeV

√
s = 14 TeV

pp→ W+W−X

31.85 pb

pp→ (W+Z + c.c.)X

10.75 pb

pp→ (tb̄ + c.c.)X

4.18 pb

fermion params

p = 0.5

bL = −0.072

bR = +0.074

λL = −0.030

λR = −0.030

Probing the tBESS resonances at the LHC.
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Conclusions

effective description of strong ESB new physics needed

top-BESS — modification of BESS, special role of top quark

� new SU(2) resonance triplet
� direct coupling to top and bottom

� λ-terms

low-E limits on the fermion parameters relaxed

the Death Valley effect

LHC: Drell-Yan processes
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� new SU(2) resonance triplet
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� λ-terms

low-E limits on the fermion parameters relaxed

the Death Valley effect
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M. Gintner, J. Juráň, I. Melo top-BESS Model


	Introduction
	top-BESS Model
	Phenomenology

