
2. Aspects of EWSB

• Naturalness

• Vacuum stability

• Custodial Symmetry

• Equivalence Theorem

• Unitarity
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Massive & dark SUSY 

states show up through 

a hidden portal from a 

warped dimension 

Look, your worship, it’s 

just the spectrum of the 

Standard Model 

Don Quixote and the Windmills 



Beautiful Discovery
Boson, J = 0

Fermions = Matter ; Bosons = Forces

• Fundamental Boson: New interaction which is not gauge

• Composite Boson: New underlying dynamics

If New Physics exists at ΛNP
δM

2
H ∼

g2

(4π)2
Λ
2
NP

log

(

Λ2
NP

M2
H

)

Which symmetry keeps MH away from ΛNP?

• Fermions: Chiral Symmetry

• Gauge Bosons: Gauge Symmetry

• Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry . . . ?

A. Pich Higgs Physics 3



Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry

Lψ = ψ̄ (i/∂ −mψ)ψ = ψ̄Li/∂ψL + ψ̄R i/∂ψR −mψ

(

ψ̄LψR + ψ̄RψL

)

Symmetry recovered at mψ = 0 δmψ ∝ mψ

A. Pich Higgs Physics 4



Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry

Lψ = ψ̄ (i/∂ −mψ)ψ = ψ̄Li/∂ψL + ψ̄R i/∂ψR −mψ

(

ψ̄LψR + ψ̄RψL

)

Symmetry recovered at mψ = 0 δmψ ∝ mψ

Vectors: Aµ −→ Aµ + ∂µθ Gauge symmetry

LA = − 1
4
FµνF

µν + 1
2
m

2
A AµA

µ

Symmetry recovered at mA = 0 δm2
A ∝ m2

A
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Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry

Lψ = ψ̄ (i/∂ −mψ)ψ = ψ̄Li/∂ψL + ψ̄R i/∂ψR −mψ
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Vectors: Aµ −→ Aµ + ∂µθ Gauge symmetry

LA = − 1
4
FµνF

µν + 1
2
m

2
A AµA

µ

Symmetry recovered at mA = 0 δm2
A ∝ m2

A

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m

2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)
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Symmetries & Mass Scales

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m

2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)

• Shift symmetry: φ −→ φ+ c

Pseudo-Goldstone Boson
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Symmetries & Mass Scales

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m

2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)

• Shift symmetry: φ −→ φ+ c

Pseudo-Goldstone Boson

• Scale symmetry: x −→ x/λ , φ(x) −→ λ φ(x/λ)

M = 0 , ∀M

Conformal Invariance. Dilaton
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Which symmetry keeps MH away from ΛNP ?
A. Pomarol

Quantum Stability

Vectors/fermions

protected by

gauge/chiral symmetries

Proposed Solutions

SUSY / Composite Higss

A. Pich Higgs Physics 6



Spin, Mass & Degrees of Freedom

J = 1 J = 1
2 J = 0

M = 0
2 d.o.f. 2 d.o.f. 1 d.o.f.

Trans. Pol. ψL

M 6= 0
3 d.o.f. 4 d.o.f. 1 d.o.f.

Trans & Long. ψL, ψR

Vector (2 6= 3) and fermion masses are safe (2 6= 4)

Scalar masses not protected (continuous m → 0 limit)

A. Pich Higgs Physics 7



Higgs Self-energy: The top is the largest SM contribution

δM2
H stabilized through new-physics contributions

• SUSY: stop loops

H

t

H

t̃

• Composite Higgs: fermionic top partners

H

t

H

T

A. Pich Higgs Physics 8
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Desperately  Seeking  SUSY   (Dulcinea) 

In all the world there is no 

maiden fairer than the 

Empress of  La Mancha, the 

peerless SUSY del Toboso 

Your worship should bear in mind 

that SUSY is badly broken; got 

heavy through anomaly mediation 



The Heaviest Mass Scale

H

t

t̄

yt =

√
2

v
mt = 23/4G

1/2
F mt ≈ 1 (0.995)

The top quark:

• Sensitive probe of Electroweak Symmetry Breaking

• Non-perturbative (strong) dynamics?

• Very different from other quarks: yb = 0.025 , yc = 0.007 . . .

• Is it really a SM quark?

t
b

W

So far, we only know the decay t → W+b

|Vtb| > 0.92 (95% CL)

A. Pich Higgs Physics 10



Top Mass
• Monte Carlo mass:

mMC
t = (173.34± 0.76) GeV

Lacks a proper QCD definition

∆mth
t = |mpole

t −mMC
t | ≈ O(1 GeV)

Hoang-Stewart 0808.0222
 [GeV]topm

165 170 175 180 185
1

17

       LHC September 2013  0.88)± 0.26 ± (0.23  0.95±173.29

       Tevatron March 2013 (Run I+II)  0.61)± 0.36 ± (0.51  0.87±173.20

 prob.=93%2χ

 / ndf =4.3/102χ
World comb. 2014  0.67)± 0.24 ± (0.27  0.76±173.34

-1 = 3.5 fb
int

   L

CMS 2011, all jets
 1.23)± (0.69 1.41±173.49

-1 = 4.9 fb
int

   L

CMS 2011, di-lepton
 1.46)± (0.43 1.52±172.50

-1 = 4.9 fb
int

   L

CMS 2011, l+jets
 0.97)± 0.33 ± (0.27  1.06±173.49

-1 = 4.7 fb
int

   L

ATLAS 2011, di-lepton
 1.50)± (0.64 1.63±173.09

-1 = 4.7 fb
int

   L

ATLAS 2011, l+jets
 1.35)± 0.72 ± (0.23  1.55±172.31

-1 = 5.3 fb
int

   L

D0 RunII, di-lepton
 1.38)± 0.55 ± (2.36  2.79±174.00

-1 = 3.6 fb
int

   L

D0 RunII, l+jets
 1.16)± 0.47 ± (0.83  1.50±174.94

-1 = 8.7 fb
int

   L

+jets
miss

T
CDF RunII, E

 0.86)± 1.05 ± (1.26  1.85±173.93

-1 = 5.8 fb
int

   L

CDF RunII, all jets
 1.04)± 0.95 ± (1.43  2.01±172.47

-1 = 5.6 fb
int

   L

CDF RunII, di-lepton
 3.13)± (1.95 3.69±170.28

-1 = 8.7 fb
int

   L

CDF RunII, l+jets
 0.86)± 0.49 ± (0.52  1.12±172.85

-1
 - 8.7 fb

-1
 = 3.5 fb

int
 combination - March 2014,  LtopTevatron+LHC m

ATLAS + CDF + CMS + D0 Preliminary

)    syst.   iJESstat.total    (P
re

v
io

u
s

C
o
m

b
.
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• Well-defined mass: σt̄t NNLO + NNLL Czakon et al., Bärnreuther et al., Cacciari et al.

 [GeV]
 pole

 t
m

164 166 168 170 172 174 176 178 180 182

C
ro

s
s
-s

e
c
ti
o
n
 [

p
b
]

150

200

250

300

350 MSTW 2008 NNLO

MSTW 2008 NNLO uncertainty

CT10 NNLO

CT10 NNLO uncertainty

NNPDF2.3 NNLO

NNPDF2.3 NNLO uncertainty
-1

 = 7 TeV, 4.6 fbs
-1

 = 8 TeV, 20.3 fbs

ATLAS

7 TeV

8 TeV
}  t

vs m

 [GeV]
 pole

 t
m

140 150 160 170 180 190

Top quark pole mass from cross-section

compared to direct measurement

Direct reconstruction LHC+Tevatron 2014

ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013

D0 approx NNLO: MSTW08, 1.96 TeV 2011

D0 approx NNLO: MSTW08, 1.96 TeV 2009

 0.8±173.3 

+2.5

- 2.6
172.9
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ATLAS
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SM Higgs

 [GeV]HM
6 10 20 210 210×2 310

LHC average 

 HFit w/o M

 WM

 0,b
FBA

(SLD) lA

(LEP) lA

 0.2±125.1 
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 +25 93
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 +47 77
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 +628503

 -24
 +45 38
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 +254143G fitter SM

Jul ’14

Favoured by

EW precision tests
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t
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SM Higgs Potential

Φ(x) = exp

{

i

v
~σ ~ϕ(x)

}

1
√

2

[

0
v + H(x)

]

V (Φ)+
λ

4
v
4 = λ

(

|Φ|2 −
v
2

2

)2

=
1

2
M

2
H H

2 +
M

2
H

2v
H

3 +
M

2
H

8v2
H

4

v =
(√

2GF

)−1/2
= 246 GeV

MH = (125.09 ± 0.24) GeV λ =
M2

H

2v2
= 0.13
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SM Higgs Potential

Φ(x) = exp

{

i

v
~σ ~ϕ(x)

}

1
√

2

[

0
v + H(x)

]

V (Φ)+
λ

4
v
4 = λ

(

|Φ|2 −
v
2

2

)2

=
1

2
M

2
H H

2 +
M

2
H

2v
H

3 +
M

2
H

8v2
H

4

v =
(√

2GF

)−1/2
= 246 GeV

MH = (125.09 ± 0.24) GeV λ =
M2

H

2v2
= 0.13

M2
H

2v2
= λ(µ) +

2y2
t

(4π)2
[
λ+ 3

(
y2
t − λ

)
log (µ/mt)

]
+ · · ·

yt =
√

2mt/v ≈ 1
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Vacuum Stability: λ(Λ) ≥ 0 Degrassi et al, 1205.6497, 1307.3536

Buttazzo et al, 1307.3536
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LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2
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Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2
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Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g
†
R

A. Pich Higgs Physics 15



Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

≡ 1√
2
(v + H) U(~ϕ )

U(~ϕ ) ≡ exp

{

i ~σ·
~ϕ

v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

=
v2

4
Tr
[
(DµU)†DµU

]
+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g

†
R
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Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

≡ 1√
2
(v + H) U(~ϕ )

U(~ϕ ) ≡ exp

{

i ~σ·
~ϕ

v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

=
v2

4
Tr
[
(DµU)†DµU

]
+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g

†
R

Same Goldstone Lagrangian as QCD pions:

fπ → v , ~π → ~ϕ → W±
L ,ZL
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij
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n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2
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∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling

Goldstones become free at zero momenta
A. Pich Higgs Physics 16



Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µ = −
g

2
~σ· ~W µ , B̂µ = −

g′

2
σ3 B

µ (explicit symmetry breaking)
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g′

2
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• EW Goldstones are responsible for MW,Z (not the Higgs!)

• QCD pions also generate small W,Z masses: δπMW =
1

2
g fπ
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Goldstone interactions are determined by the underlying symmetry

U(~ϕ ) ≡ exp

{

i ~σ·
~ϕ

v

}

, ~σ·~ϕ =

(

ϕ0
√
2ϕ+

√
2ϕ− −ϕ0

)

v
2

4
〈∂µU

†∂µU〉 = ∂µϕ
−∂µϕ+ +

1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ

−
)(

ϕ+ ↔
∂
µϕ−

)

+ 2
(

ϕ0 ↔
∂ µ ϕ

+
)(

ϕ− ↔
∂
µϕ0

)}

+ O

(

ϕ6/v4
)
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)

ϕ ϕ

ϕ ϕ

T
(
ϕ+ϕ− → ϕ+ϕ−

)
=

s + t

v2

Non-Linear Lagrangian: 2ϕ→ 2ϕ, 4ϕ · · · related
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Equivalence Theorem

W+

W−

W+

W−

Cornwall–Levin–Tiktopoulos

Vayonakis

Lee–Quigg–Thacker

T (W+
L W−

L → W+
L W−

L ) =
s + t

v2
+ O

(
MW√

s

)

= T (ϕ+ϕ− → ϕ+ϕ−) + O

(
MW√

s

)

The scattering amplitude grows with energy

Goldstone dynamics derivative interactions

Tree-level violation of unitarity
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Longitudinal Polarizations

kµ =
(

k0, 0, 0, |~k|
)

ǫµL (
~k) =

1

MW

(

|~k |, 0, 0, k0
)

=
kµ

MW

+ O

(

MW

|~k|

)
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W−

Gauge

Cancelation

T (W+
L W−
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W+L W−L → W+L W−L :

W+

W−

W+

W−

H
H

TSM =
1

v2

{

s + t −
s
2

s −M2
H

−
t
2

t −M2
H

}

= −
M

2
H

v2

{

s

s −M2
H

+
t

t −M2
H

}

Higgs-exchange exactly cancels the O(s, t) terms in the SM
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Higgs-exchange exactly cancels the O(s, t) terms in the SM

When s ≫ M
2
H , TSM ≈ −

2M2
H

v2
, a0 ≡

1

32π

∫ 1

−1

d cos θ TSM ≈ −
M

2
H

8πv2

Unitarity: Lee–Quigg–Thacker

|a0| ≤ 1 MH <
√
8πv

√

2/3
︸ ︷︷ ︸

W+W−, ZZ,HH

≈ 1 TeV
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