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Input

Spontaneously Broken Gauge Theory
An SU(2)× U(1) gauge theory spontaneously broken to U(1)em at a
scale v = 246 GeV.

Different methods of breaking the gauge symmetry

A particle has been seen with a mass Mh ∼ 126 GeV;
0+ quantum numbers favored

No evidence for any new particles in the few hundred GeV range.

Aneesh Manohar 20.01.2016 3 / 55



Standard Model – A fundamental scalar doublet

A field H which transforms as 21/2

H =

[
φ+

φ0

]
V (H) = −λ

(
H†H − v2

2

)
Expanding about the minimum,

H =

[
φ+

1√
2

(v + h + iη)

]

h is the neutral Higgs with mass

m2
h = 2λv2

with mass of order the electroweak scale. φ+ and η are the eaten
Goldstone bosons that give mass to the W and Z .
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Standard Model

H transforms linearly under the gauge symmetry G = SU(2)× U(1)

H → U H

The minimum 〈H〉 is invariant under H = U(1)em:

eiQα

[
0

1√
2
v

]
=

[
0

1√
2
v

]

There is a G = SU(2)× U(1) invariant point H = 0.
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Standard Model – Custodial Symmetry

H =

[
φ+

φ0

]
=

1√
2

[
iϕ1 + ϕ2
ϕ4 − iϕ3

]

ϕ =


ϕ1
ϕ2
ϕ3
ϕ4

 H†H =
1
2
ϕ ·ϕ =

1
2

(
ϕ2

1 + ϕ2
2 + ϕ2

3 + ϕ2
4

)

V (H) = −λ
(

H†H − v2

2

)
= −λ

4

(
ϕ ·ϕ− v2

)2

Aneesh Manohar 20.01.2016 6 / 55



Scalar Potential

V = −λ
4

(
ϕ ·ϕ− v2

)2

ϕ0 = (0,0,0, v)T

v

ϕ0 Pick ϕ0 to be the North pole of S3.

H = O(3) leaves ϕ0 invariant

G = O(4) maps ϕ0 to points on S3.

Vacuum manifold is G/H =
O(4)/O(3)

Goldstone bosons — fluctuations
on S3.
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Custodial SU(2)

SU(2)L : H → UH O(4) : ϕ→ Oϕ SU(2)L ∈ O(4)

Unbroken symmetry is O(3) instead of U(1), which implies that
W1,W2 and W3 are related, so that W± and Z are related.

MW = MZ cos θW

O(4) ∼ SU(2)L × SU(2)R O(3) ∼ SU(2)V
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O(4) ∼ SU(2)× SU(2)

δϕ = (iT )ϕ

O(4) matrices are antisymmetric

i M [12] =


0 1 0 0
−1 0 0 0
0 0 0 0
0 0 0 0



M [ab] 1 ≤ a < b ≤ 4

J =
(

M [23],M [31],M [12]
)

K =
(

M [14],M [24],M [34]
)
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O(4) ∼ SU(2)× SU(2)

TL =
1
2

(J + K) TR =
1
2

(J− K)

iAL · TL =
1
2


0 A3

L −A2
L A1

L

−A3
L 0 A1

L A2
L

A2
L −A1

L 0 A3
L

−A1
L −A2

L −A3
L 0



iAR · TR =
1
2


0 A3

R −A2
R −A1

R

−A3
R 0 A1

R −A2
R

A2
R −A1

R 0 −A3
R

A1
R A2

R A3
R 0


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SM
ϕ transforms linearly under G = O(4):

δϕ = i T ϕ

The minimum ϕ0 is invariant under H = O(3)

There is a G = O(4) invariant point ϕ = 0.

The gauge group SU(2)× U(1) ∈ O(4)

[When you add fermions, you have to have an additional U(1)X where
QL has charge 1/6, etc.]
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SMEFT
An effective theory with the same field content as the SM. The scalar
Lagrangian can have higher dimension operators

L = ∂µH†∂µH − λ
(

H†H − v2

2

)
+

cH

Λ2

(
H†H

)3
− c�

Λ2 ∂µ

(
H†H

)
∂µ
(

H†H
)

+ . . .

Will use the custodial SU(2) invariant form

L =
1
2

f (ϕ ·ϕ) ∂µϕ · ∂µϕ+
1
2

g(ϕ ·ϕ) (ϕ · ∂µϕ)(ϕ · ∂µϕ) + . . .

and

f (ϕ ·ϕ) = 1 +
c1

Λ2ϕ ·ϕ+ . . .
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SMEFT

In both SM and SMEFT:

ϕ transforms linearly under G = O(4):
The minimum ϕ0 is invariant under H = O(3)

There is a G = O(4) invariant point ϕ = 0.

SM ( SMEFT
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Scalar ManifoldM

ϕ0

χ

S3

M Decompose R4 into a radial direc-
tion χ and S3.

The O(4) symmetry acts on S3, and
χ is a singlet.

Vacuum manifold: black sphere

Vacuum: black dot ϕ0

All you need for EW symmetry
breaking is the black sphere

Terminology

Goldstone boson manifold is G/H = S3 with symmetry G = O(4)

Radial direction χ — any direction which is invariant under O(4).

Symmetry of ground state ϕ0 is O(3)
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SM in spherical polar coordinates

L =
1
2

Dµϕ · Dµϕ− λ

4

(
ϕ ·ϕ− v2

)2

Switch to spherical polar coordinates

ϕ = χu u · u = 1 u = (u1,u2,u3,u4)

Components of u are not independent.
Under O(4),

χ→ χ u → O u

u =

[
π

√
1− π · π

]
π = (π1, π2, π3)
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[
δπ

δ
√

1− π · π

]
=

[
C B

−BT 0

][
π

√
1− π · π

]

δπ = Cπ + B
√

1− π · π

π transforms linearly under O(3), and nonlinearly under the broken
O(4) generators.

π · δπ = πT Cπ + πT B
√

1− π · π = πT B
√

1− π · π

π · δπ√
1− π · π

= −BTπ
√

1− π · π
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Covariant Derivative

ϕ = χu u · u = 1 u = (u1,u2,u3,u4)

∂µϕ = ∂µχu + χ∂µ u Dµϕ = ∂µχu + χDµu

Dµu = ∂µu + i g Aµ u

L =
1
2

(∂µχ)2 +
1
2
χ2 Dµu · Dµu − λ

4

(
χ2 − v2

)2

Finally, let

χ = v + h
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HEFT

L =
1
2

(∂µh)2 +
1
2

(v + h)2 Dµu · Dµu − λ

4

(
2vh + h2

)2
SM

HEFT
O(4)→ O(3) symmetry breaking

Goldstone boson manifold is G/H = S3.

L =
1
2

(∂µh)2 +
1
2

v2F (h)2 Dµu · Dµu − V (h)

A general radial function F (h), with

F (0) = 1

v ∼ 246 GeV fixed by W ,Z masses.
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χ

S3

MSM

χ

π
MHEFT

S3

Bunch of spheres at each point of the radial direction h, but the radii do
not have to be χ2.

u transforms linearly under G = O(4), but π transforms nonlinearly
The vacuum is invariant under H = O(3)

There is a G = O(4) invariant point iff F = 0, so S3 has zero radius
SMEFT ( HEFT, and a HEFT is a SMEFT iff ∃ an O(4) invariant
point onM.
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CCWZ formulation

Callan, Coleman, Wess, Zumino (1969)

If G → H, then Goldstone bosons live on G/H.

Fields transform linearly under the unbroken group H and nonlinearly
under the broken generators.

Can always make a change of variables to put field transformations in
a standard form.

ξ(x) = eiX ·θ(x) ξ(x)→ g ξ(x) h−1(x)

The SM has G/H = S3, construction done explicitly in terms of u.
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CCWZ

CCWZ: an alternate coordinate choice using a geodesic

gξ

−

N
A

B

O

ξ

ξ

Need h(x) becauseM is curved.
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Field Redefinitions
In a QFT, the S matrix is unchanged under field redefinitions.

Change of variables in an integral:∫
Dφ ei S(φ)+i J φ =

∫
Dφ′ det

[
δf (φ′)

δφ′

]
ei S(f (φ′))+i J f (φ′)

=

∫
Dφ′ ei S′(φ′)+i J f (φ′) (caution: anomalies)

Green’s functions of S with source φ are the same as Green’s
functions of S′ with source f (φ′)

Computing after field redefinitions:∫
Dφ′ ei S′(φ′)+i J φ′

Green’s functions of S′ with source φ′
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LSZ Reduction Formula

Greens’ functions change under field redefinitions

G = 〈0|φ(x1) . . . φ(xn)|0〉 6= 〈0|φ′(x1) . . . φ′(xn)|0〉 = G′

LSZ reduction formula — you can use any field Φ to compute the
S-matrix as long as

〈0|Φ|p〉 6= 0

So as long as φ and φ′ create particles, the two Green’s functions give
the same S-matrix.

G =⇒ S = S′ ⇐= G′
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Geometry
Scalar fields live on some manifoldM

The S matrix is independent of field redefinitions

Field redefinitions = changing coordinates onM.

Observables only depend on the geometry ofM:

S matrix←→ Geometry

Llinear =
1
2

Dµϕ · Dµϕ− λ

4

(
ϕ ·ϕ− v2

)2

Lnonlinear =
1
2

(∂µh)2 +
1
2

(v + h)2 Dµu · Dµu − λ

4

(
2vh + h2

)2

SM in linear sigma model and nonlinear sigma model form are
completely equivalent.
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Linear sigma model =⇒ renormalizable

Nonlinear sigma model =⇒ nonrenormalizable

False

Look at the O(N) model. The SM is N = 4 case.

L =
1
2
∂µφ · ∂µφ−

1
4
λ
(
φ · φ− v2

)2

φ(x) =

 φ1(x)
...

φN(x)


v2 < 0 unbroken phase, v2 > 0 broken phase
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Renormalize in unbroken phase:

m2
φ = λ(−v2)

L =
1
2

Zφ ∂µφ · ∂µφ−
1
4

Zλ λµ2ε
(

Zφφ · φ− Z 2
v v2 µ−2ε

)2

Zm2 = ZλZ 2
v

using dimensional regularization in 4− 2ε dimensions. At one-loop,

Zi = 1 +
δi

16π2ε
δφ = 0 δλ = λ(N + 8) δv = −3λ

Symmetry breaking is an IR property, and does not affect short
distance properties. The same counterterms renormalize the theory in
the broken phase.
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Broken phase:

φ(x) =


ϕ1(x)

...
ϕnG (x)

v + h(x)

 , nG = N − 1 .

L =
1
2
∂µh · ∂µh +

1
2
∂µϕ · ∂µϕ

− 1
4
λ
(
h4 + 2h2ϕ ·ϕ+ (ϕ ·ϕ)2 + 4vh3 + 4vhϕ ·ϕ+ 4h2v2)

m2
ϕ = 0

m2
h = 2λv2

L has cubic vertices, and a different structure than the unbroken
phase. Nevertheless, the same counterterms make the theory finite.
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CCWZ form

φ(x) = [v + h(x)] ξ(x)χ0 χ0 = (0,0, . . . ,0,1)T

where

ξ(x) = exp
1
v


0 . . . 0 π1

0 . . . 0 π2

...
...

...
0 . . . 0 πnG

−π1 . . . −πnG 0

 = exp (iΠ/v) , Π = πaX a

π

χ0

Rotate by angle |π|
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The Lagrangian is

L =
1
2
∂µh∂µh +

1
2

(h + v)2χT
0 ∂µξ

T∂µξχ0 −
1
4
λ
(

h2 + 2hv
)2

=
1
2
∂µh∂µh − 1

4
λ
(

h2 + 2hv
)2

+
1
2

(
1 +

h
v

)2

[∂µπ · ∂µπ]

+
1

6v2

(
1 +

h
v

)2 [
(π · ∂µπ)2 − (π · π)(∂µπ · ∂µπ)

]
+ . . .

Potential only depends on h, π are the Goldstone bosons.

new vertices not present in linear Lagrangian
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ππ → ππ

Skeleton graphs:

(a) (b)

(b) missing in linear case
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hππ

(a) (b) (c) (d)

(e) (f ) (g)
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π4

(a) (b) (c) (d) (e)

(f ) (g) (h) (i)

only graph (d) in unbroken phase
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O(p4) Amplitude
divergent part

A∞ =
1

16π2ε

[
nG

3v4 O3 −
4

3v4 O4 +
2nG − 3

18v4 O5 +
1

18v4 O6

]

O1 = (∂µπ · ∂µπ) (∂νπ · ∂νπ) , O2 = (∂µπ · ∂νπ) (∂µπ · ∂νπ) ,

O3 =
(
∂2π · π

)
(∂µπ · ∂µπ) , O4 =

(
∂2π · ∂µπ

)
(π · ∂µπ) ,

O5 =
(
∂2π · π

)(
∂2π · π

)
, O6 =

(
∂2π · ∂2π

)
(π · π) ,

O1,2 parts finite using unbroken phase counterterms.
A∞ vanishes on-shell using equations of motion.
Appelquist and Bernard: Did the chiral version where O1,2 also∞.

S-matrix is finite and the theory is renormalizable.
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Scalar Metric

L =
1
2

gij(φ) ∂µφ
i∂µφj

defines the metric tensor onM.

L =
1
2

(∂µh)2 +
1
2

v2F (h)2 Dµu · Dµu − V (h)

φ = {π,h} with (u1,u2,u3) = π, u4 =
√

1− π · π.

g =

[
F (h)2gab(π) 0

0 1

]
gab(π) is the metric on a sphere of radius v .
No off-diagonal terms because of O(3) symmetry, and can always pick
ghh = 1 by a field redefinition of h.
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Curvature of S3

First look at curvature of S3:

R̂abcd (ϕ) =
1
v2 (gac(ϕ)gbd (ϕ)− gad (ϕ)gbc(ϕ)) ,

R̂bd (ϕ) =
1
v2 (Nϕ − 1)gbd (ϕ) =

2
v2 gbd (ϕ),

R̂ =
1
v2 Nϕ(Nϕ − 1) =

6
v2 ,

since S3 is a maximally symmetric space.

χ

π
MHEFT

S3
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Curvature ofM
Now look at the full manifoldM. Indices ∈ {a,h}

Rabcd (φ) =

[
1
v2 − (F ′(h))2

]
F (h)2 (gacgbd − gadgbc) ,

Rahbh(φ) = −F (h)F ′′(h)gab,

Rbd (φ) =

{[
1
v2 − (F ′(h))2

]
(Nϕ − 1)− F ′′(h)F (h)

}
gbd ,

Rhh(φ) = −NϕF ′′(h)

F (h)
,

R(h) =

[
1
v2 − (F ′(h))2

]
Nϕ(Nϕ − 1)

F (h)2 − 2NϕF ′′(h)

F (h)
.

Aneesh Manohar 20.01.2016 36 / 55



Define dimensionless radial functions R4(h), R2(h) and R0(h)

Rabcd = R4(h)R̂abcd ,

Rbd = R2(h)R̂bd ,

R = R0(h)R̂,

R4(h) =
[
1− v2(F ′(h))2

]
F (h)2,

R2(h) =
[
1− v2(F ′(h))2

]
− v2F ′′(h)F (h)

(Nϕ − 1)
,

R0(h) =
[
1− v2(F ′(h))2

] 1
F (h)2 −

2v2F ′′(h)

(Nϕ − 1)F (h)
,

F (h)4 R0(h) + R4(h) = 2F (h)2 R2(h) .
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In SM

F (h) = 1 +
h
v
.

even though S3 is curved,M is flat, and all the curvatures vanish.
In HEFT, one considers a general radial function

F (h) = 1 + c1

(
h
v

)
+

1
2

c2

(
h
v

)2

+ . . . ,

In this case,

r4 ≡ R4(0) = 1− c2
1 ,

r2 ≡ R2(0) = 1− c2
1 −

1
2

c2,

r0 ≡ R0(0) = 1− c2
1 − c2,

with r0 + r4 = 2r2,
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Experimental Consequences

L =
1
2
∂µh∂µh +

v2

8
F (h)2

[
2g2W+

µ W−µ + (g2 + g′2)ZµZµ
]

=
1
2
∂µh∂µh +

[
1 + 2c1

h
v

+ (c2
1 + c2)

h2

v2 + . . .

]
×
[
M2

W W+
µ W−µ +

1
2

M2
Z ZµZµ

]
.

v ∼ 246 GeV is fixed by the gauge boson masses

S parameter:

∆S =
1

12π
r4 log

(
Λ2

M2
Z

)
.
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Experimental Consequences

Barbieri, Bellazzini, Rychkov, Varagnolo

The scattering amplitude of longitudinal W -bosons WL depends on the
curvature:

A (WLWL →WLWL) =
s + t
v2 r4 ,

A (WLWL → hh) =
s
v2 (r4 − r0) .

The scale of new physics governing the mass of these resonances is
Λ ∼ 4πv/

√
r

Note that this result is in accordance with the scenario of the Higgs
boson as a Goldstone boson (Georgi, Kaplan) where resonances are
expected at Λ ∼ 4πf .
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Radiative Corrections

Z [J] ≡ eiW [J] =

∫
Dφ exp

[
i
(

S[φ] +

∫
J φ
)]

.

Γ[φ̃] = W [J]− Jφ̃, φ̃ =
δW
δJ

.

At one-loop Jackiw

Γ[φ̃] = S[φ̃] +
i
2

ln det
(

δ2S
δφiδφj

)
φ=φ̃

.

The variation of the action is computed using

φ = φ̃+ η

and expanding in η.
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Gauged action:

L =
1
2

gab(ϕ)Dµϕ
aDµϕb + Jaϕ

a,

δS = −
∫

dx gab(ϕ̃)ηa[Dµ(Dµϕ̃)]b ,

where

Dµ ≡ ∂µδa
b +Db (Dµϕa) , DaV b =

∂V b

∂ϕa + Γb
ac(ϕ̃)V c ,

is the covariant derivative on the scalar manifold G/H = S3,

It is important to remember that the metric and tensors are in scalar
field space, which is curved. Spacetime is flat in our analysis.
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The second variation of the action is

δ2S =
1
2

∫
dx
[
gab(Dµη)a(Dµη)b − RabcdDµϕ̃

aDµϕ̃cηbηd

−gaf Γf
bcη

bηc(DµDµϕ̃)a
]
.

The last term results in the non-covariant terms found in one-loop
calculations in the literature
Appelquist and Bernard; Gavela, Kanshin, Machado, Saa

The origin of the non-covariant terms can be traced back to the
expansion of S[φ+ η] in η to compute the second variation. Under a
coordinate transformation

ϕ′ a = f a(ϕ) (ϕ′ + η′)a = f a(ϕ+ η)

η′ a =
∂ϕ′ a

∂ϕb η
b +

1
2
∂2ϕ′ a

∂ϕb∂ϕc η
bηc + . . .
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Geodesic Coordinates

Relate ϕ̃+ δϕ and ϕ̃ in a covariant way using geodesics
Honerkamp, Gasser and Honerkamp (1971)

ζ

The geodesic equation is

d2ϕa

dλ2 + Γa
bc

dϕb

dλ
dϕc

dλ
= 0,

with the power series solu-
tion

ϕa(λ) = ϕ̃a + ζaλ− 1
2

Γa
bcζ

bζcλ2 + . . .

Use

ϕa = ϕ̃a + ζa − 1
2

Γa
bc(ϕ̃)ζbζc + . . .
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D̃aS =
δS
δϕa , D̃bD̃aS =

δ2S
δϕbδϕa − Γc

ab
δS
δϕc .

The first variation is the same as before, but the second variation is
modified to

δ2S =
1
2

∫
dx
[
gab(Dµζ)a(Dµζ)b − RabcdDµϕ̃

aDµϕ̃cζbζd
]
,

which is covariant.

The difference is a field redefinition, so that the second variation of the
action δ2S changes by an equation of motion term Γc

abδS/δϕ
c .

Non-covariant terms found vanish on-shell; they can be eliminated by a
field redefinition which does not change the S-matrix.
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L =
1
2

Dµφ
T Dµφ− 1

2
φT Xφ

The infinite part of the one-loop correction to a general Lagrangian has
been computed ’t Hooft

∆Γ =
1

16π2ε

∫
dx Tr

{
Γ2
µν

24
+

X 2

4

}
,

where the antisymmetric tensor Γµν and scalar X are:

[Γµν ]i j = [Dµ ,Dν ] = Ri
jklD

µφkDνφl + (A µν)ij ,

X i
j = DiDjI − Ri

kjlD
µφkDµφ

l,

(A µν)ij =
(
∂[µAB

ν] + f B
CDAC

µAD
ν

)
Djt iB,

and Ri
jkl(φ) is the Riemann tensor ofM.

The R terms multiplied by terms with two derivatives of φ, so generate
O(p4) terms at one-loop ifM is not flat.
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HEFT: One Loop Correction

L =
1
2
∂µh ∂µh +

1
2

F (h)2gab(ϕ)Dµϕ
aDµϕ

b − V (h) + K (h) w iui(ϕ),

w i =q̄Lσ
i Yq qR + ¯̀Lσ

i Y` `R + h.c.,

The one-loop divergent contribution from scalar loops can be
computed to be ∆Γ = 1/(32π2ε)Z ,
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Z =
1
2
(
V ′′ − K ′′w · u

)2
+
(
(K/(vF ))′

)2
[
w · w − (w · u)2

]
+

1
2

Nϕ

[(
F ′′

F

)
(∂µh∂µh)− V ′F ′

F
+ (w · u)

(
F ′K ′

F
− K

v2F 2

)]2

−
[

(v2FF ′′)
(
V ′′ − K ′′u · w

)
+ (Nϕ − 1)

[
1− (vF ′)2

]{
−V ′F ′

F
+ (w · u)

(
F ′K ′

F
− K

v2F 2

)}]
(Dµu · Dµu)

−
[

1
3

(vF ′′)2 + (Nϕ − 1)
[
1− (vF ′)2

] F ′′

F

]
(∂νh∂νh)(Dµu · Dµu) +

2
3

[
1− (vF ′)2

]2
(Dµu · Dνu)2

+

[
1
2

(v2FF ′′)2 +
3Nϕ − 7

6

[
1− (vF ′)2

]2
]

(Dµu · Dµu)2 +
4
3

(vF ′′)2(∂µh∂νh)(Dµu · Dνu)− 2F ′′(∂µh) (K/F )′ (w · Dµu)

− 1
3

[
1− (vF ′)2

]
(Dµu)T Aµν(Dνu)− 2

3
(vF ′)(vF ′′)(∂µh)(Dνu)T Aµνu +

1
12

tr(AµνAµν) +
1
6

[
(vF ′)2 − 1

]
uT (AµνAµν)u,

agrees with F.-K. Guo, P. Ruiz-Femenía, and J. J. Sanz-Cillero

Many applications
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1. Chiral Perturbation Theory

L =
1
2
∂µh ∂µh +

1
2

F (h)2gab(ϕ)Dµϕ
aDµϕ

b − V (h) + K (h) w iui(ϕ),

If F (h),K (h) are constants, get the non-linear sigma model.

Reproduce the known results, including for the O(p4) RGE in chiral
perturbation theory
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2. SM

L =
1
2
∂µh ∂µh +

1
2

F (h)2gab(ϕ)Dµϕ
aDµϕ

b − V (h) + K (h) w iui(ϕ),

F (h) = K (h) = v + h V (h) =
λ

4
(h2 + 2hv)2

the HEFT Lagrangian reduces to the SM Higgs Lagrangian.

Rabcd vanishes.

all order p4 terms disappear, and the theory is renormalizable, even
though in the field parametrization chosen here, renormalizability is not
obvious.
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3. Higgs as a Goldstone Boson
Assume the Higgs boson h and “eaten" scalars ϕa are Goldstone
bosons resulting from dynamical breaking of a global symmetry at a
high energy scale Composite Higgs: Kaplan and Georgi (1984)

Reviews: Contino, arXiv:1005.4269, Panico and Wulzer arXiv:1506.01961

G/H = O(5)/O(4) Agashe, Contino, Pomarol

χ

f

v
φ0

χ is the vacuum misalignment angle

Curvature of HEFT manifoldM is 1/f 2

Curvature of SM vacuum is 1/v2
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3. Higgs as a Goldstone Boson

G/H = O(5)/O(4)

U

u
φ0

u: 4-dim unit vector
U: 5-dim unit vectors

U =

[
sin h

f u
cos h

f

]
F (h) = sin(h/f )

Higher-dimensional operators: in-
variants constructed with u, multi-
plied by calculable singlet functions
of h.

Drastic reduction in parameters
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4. Higgs as a Dilaton

Goldberger, Grinstein, Skiba

Higgs boson from spontaneously broken scale invariance.

v → v eτ/v , τ is the dilaton field

h/v = eτ/v − 1

F (h) = K (h) = v + h =⇒ Rabcd = 0

The p4 dilaton-dilaton scattering term vanishes, which is related to the
a-theorem Komargodski, Schwimmer
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5. CCWZ

Standard CCWZ construction:

Expand ξ = exp(iπ · X ) in a power series

1ξ−1∂µξ = ξ−1∂µξ
∣∣∣
X︸ ︷︷ ︸

pµ

+ ξ−1∂µξ
∣∣∣
T

L ∝ pA
µpA

µ =
1
2

gij(π) ∂µπ
A∂µπ

A

and multiple commutators written in terms of fabc are the curvature of
G/H.

G/H not as simple as Sn for the general case.
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Conclusions

The S matrix depends on the geometric properties ofM.
Can measure this experimentally
Studying whether L is linear or nonlinear is meaningless

I IsM flat or curved?
I Is there an O(4) invariant fixed point?

Experiments probe the local properties ofM near ϕ0

Geometrical method provides an efficient way to compute
Gilkey — heat kernel method

Understand some puzzles about the radiative corrections
StudyM and then see if you can construct it dynamically
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