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LEE-WICK QED

The Lagrangian:

LLWQED = −1
4

FµνFµν +
1
4

F̃µν F̃µν − 1
2

M2ÃµÃµ

+ψ̄(i∂/− eA/− eÃ/−m)ψ + L(ψ̃). (1)

LW gauge field:

A different sign in the kinematic term (propagator).
Has mass M.
As a regulator in the Pauli-Villars regularization.

A finite theory of QED: The mass, charge and field
renormalizations are all finite.

T. D. Lee and G. C. Wick

Nucl. Phys. B 9, 209 (1969); Phys. Rev. D 2, 1033 (1970).
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LEE-WICK SM

Grinstein etal. extend the Lee-Wick mechanism to the SM:

Introduce a higher derivative operator for every field:
1

2M2∂µFµν∂ρFρν , i 1
M2 ψ̄∂/∂/∂/ψ and − 1

2M2 (∂2ϕ)2.
Result in a LW partner for every SM particle.
LW particles are heavy enough: EW data ∼ 1TeV .
LW particles cancel the quadratic divergences

make the Higgs mass stable.

A way to solve the hierarchy problem!

B. Grinstein, D. O’Connell, M.B. Wise

Phys. Rev. D 77, 025012 (2008) arXiv:0704.1845[hep-ph]
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PROCEDURE

One-loop gravitational corrections to the two-point Green’s
functions in BFM.
New higher derivative operators are generated from the
corrections.
Add these operators to the Lagrangian to get a one-loop
renormalizable theory.
The revised theory contains Lee-Wick particles.

Feng Wu and Ming Zhong, Phys. Lett. B 659, 694 (2008) arXiv:0705.3287[hep-ph]
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MAXWELL-EINSTEIN THEORY

The action of the Maxwell-Einstein theory has the form:

S = −
∫

d4x
√
−g(

1
κ2 R +

1
4

gµλgνρFµνFλρ). (2)

κ ≡
√

16πG ∼ 1
Mpl

.

At low energy scale, gµν(x) = ηµν + κhµν(x).
The theory is nonrenormalizable in QFT.
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BACKGROUND FIELD METHOD

The basic idea of the BFM:
Expand the field to the background field and quantum
fluctuation: Aµ(x) = Āµ(x) + aµ(x).
Background field gauge is chosen to break the gauge
invariance in aµ, but keep the invariance in Āµ.
Integrating out the quantum field.
A gauge field theory is quantized without losing explicit
gauge invariance.
The Green’s function and the divergent counterterms take
a gauge invariant form.

BFM makes the discussion unambiguous.
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CORRECTIONS TO SELFENERGY

In the dimensional regularization scheme:
the tadpole diagram vanishes;
the rainbow diagram has non-trivial contribution.
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HIGHER DERIVATIVE OPERATOR

The result of the diagram is

Πµν(p2) =
iκ2

24π2
1
ε

p2(p2ηµν − pµpν) + [finite part ]. (3)

FT: ip2(pµpν − p2ηµν) � ∂2Aµ∂2Aνηµν − ∂2Aµ∂µ∂νAν

= −∂µFµν∂ρFρν

One-loop gravitational corrections induce a higher
derivative term for the gauge field.
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THE REVISED THEORY

In the framework of effective field theory:
Without renormalizability as an axiom, the higher derivative
term should be added in L at the beginning.

The coefficient a1 can be renormalized by introducing
counterterm to cancel the divergence.
The revised theory is one-loop renormalizable.

The revised theory

L =
√
−g(− 1

κ2 R − 1
4

gµλgνρFµνFλρ +
a1

Mpl
2DµFµνDρFρν + · · ·)

(4)
The quadratic terms of the gauge field

−1
4

FµνFµν +
a1

Mpl
2∂µFµν∂ρFρν (5)
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THE PROPAGATOR

The propagator for the photon:

−i
p2 − a1

Mpl
2 p4 + iε

[ηµν −
pµpν

p2 + ξ(1− a1
p2

Mpl
2 )

pµpν

p2 ]

= (
−i
p2 −

−i

p2 − Mpl
2

a1

)[ηµν −
pµpν

p2 + ξ(1− a1
p2

Mpl
2 )

pµpν

p2 ] (6)

Two poles: p2 = 0 ⇒ massless photon

p2 =
M2

pl
a1
⇒ Lee-Wick particle.

Lee-Wick particle has mass of order Mpl ∼ 1019GeV .
At low energy scale, photon is dominant. Lee-Wick field
serves as a regulator like Pauli-Villars regularization
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LARGE EXTRA DIMENSION MODEL

There are n extra spatial dimensions with radius R.

MEW is the only fundamental short distance scale.

The Planck scale Mpl(4+n) is taken to be MEW .

The effective 4-d Mpl is defined as: Mpl ∼ Mpl(4+n)Rn.

N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998)
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A GAUGE-MATTER-GRAVITY SYSTEM

Gravity in (4+n)-d bulk, gauge and matter in 4-d spacetime.
The action of the theory has the form

S = −
∫

d4xdny(LHE + LM + LD + LKG). (7)

LHE =
1
κ̂2

√
(−1)3+n|ĝ(4+n)|R̂,

LM =
1
4

√
−|ĝ(4)|ĝµλĝνρFµνFλρδ

(n)(y),

LD = −
√
−|ĝ(4)|ψ̄[i êµ

αγ
α(Dµ +

1
2
ω̂µabσ

ab)]ψδ(n)(y),

LKG = −1
2

√
−|ĝ(4)|(ĝµν∂µϕ∂νϕ−m2

sϕ
2)δ(n)(y), (8)

with κ̂2 ≡ 16πĜN ∼ 1
M2+n

pl(4+n)

.
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BACKGROUND FIELD EXPANSION

Expand the fields as sums of background fields and quantum
fluctuations

ĝµ̂ν̂(x , y) = η̂µ̂ν̂ + κ̂ĥµ̂ν̂(x , y), A(x) = A(x) + a(x),

ψ(x) = Ψ(x) + ψ̃(x), ϕ(x) = Φ(x) + ϕ̃(x). (9)

Einstein-Hilbert term:

−
√

(−1)3+n|ĝ(x , y)|R̂(x , y)

κ̂2 = −1
4
(∂µ̂ĥν̂ρ̂∂µ̂ĥν̂ρ̂ − ∂µ̂ĥ∂µ̂ĥ

−2∂ν̂ ĥν̂µ̂∂ρ̂ĥρ̂µ̂ + 2∂ν̂ ĥν̂µ̂∂µ̂ĥ) +O(κ̂). (10)
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KALUZA-KLEIN MODE EXPANSIONS

Parameterizing the field ĥµ̂ν̂ as

ĥµ̂ν̂ = V
− 1

2
n

(
hµν + ηµνφii Aµj

Aiν 2φij

)
, (11)

Vn = Rn: volume of the n-d compactified torus T n.
Kaluza-Klein mode expansions:

hµν(x , y) =
∑
~n

h~n
µν(x)exp(i

2π~n · ~y
R

), (12)

Aµi(x , y) =
∑
~n

A~n
µi(x)exp(i

2π~n · ~y
R

), (13)

φij(x , y) =
∑
~n

φ~n
ij (x)exp(i

2π~n · ~y
R

), (14)
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LAGRANGIAN OF THE GRAVITY

Use a special de Donder gauge fixing term

−1
2
(∂ρ̂ĥρ̂µ̂∂σ̂ĥσ̂µ̂ − ∂ρ̂ĥρ̂µ̂∂µ̂ĥ +

1
4
∂µ̂ĥ∂µ̂ĥ) (15)

The Lagrangian of the gravity can then be written as a simple
form

LHE = − 1
4

∑
~n

(∂µh~n,νρ∂µh−~n
νρ −

1
2
∂µh~n∂µh−~n + m2

~nh~n,νρh−~n
νρ

−1
2

m2
~nh~nh−~n + 2∂µA~n,iν∂µA−~n

iν + 2m2
~nA~n,iνA−~n

iν

+4∂µφ~n,ij∂µφ
−~n
ij + 2∂µφ~n∂µφ

−~n + 4m2
~nφ

~n,ijφ−~n
ij

+2m2
~nφ

~nφ−~n) +O(κ). (16)
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PROPAGATORS

For gravitons:

4h
~nµν,~mρσ(k) = −i

δ~n,−~m(ηµρηνσ + ηµσηνρ − ηµνηρσ)

k2 + m2
~n + iε

(17)

4A
~niµ,~mjν(k) = −i

δ~n,−~mδijηµν

k2 + m2
~n + iε

(18)

4φ
~nij,~mkl(k) = −i

δ~n,−~m[1
4(δikδjl + δilδjk )− 1

4+2nδijδkl ]

k2 + m2
~n + iε

. (19)

For photon:

4a
µν(k) =

−i
k2 + iε

[ηµν − (1− ξ)
kµkν

k2 ]. (20)
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INTERACTIONS

Gravitons with photon (h~naĀ):

κ
∑
~n

[h~n
µν∂λĀρ∂τaσ(ηλτηνσηµρ + ηµληρσηντ +

1
2
ηµνηρτηλσ

−ηλσηµρηντ − ηµληρτηνσ − 1
2
ηµνηλτηρσ)] (21)

Gravitons with fermion:

(h~nΨ ¯̃ψ)
κ

2

∑
~n

{ ¯̃ψ[iγµ(∂bh~n
aµ + ηaµ∂bφ

~n)σab

−i(h~n,µ
α + δµ

αφ
~n)γα∂µ + (h~n + 4φ~n)iγµ∂µ]Ψ

(h~nΨ̄ψ̃) Ψ̄[iγµ(∂bh~n
aµ + ηaµ∂bφ

~n)σab

−i(h~n,µ
α + δµ

αφ
~n)γα∂µ + (h~n + 4φ~n)iγµ∂µ]ψ̃} (22)

Ming Zhong Advanced Topics on Flavor Physics · July 9, 2008



A Short Review on Lee-Wick Mechanism
Lee-Wick Fields out of Gravity

TeV Lee-Wick Fields out of Large Extra Dimensional Gravity
Summary

INTERACTIONS

Gravitons with scalar (h~nΦϕ̃):

−κ
2

∑
~n

h~n
µν [2∂

µϕ̃∂νΦ− ηµν(∂λϕ̃∂
λΦ−m2

s ϕ̃Φ)]

+κ
∑
~n

φ~n(∂λϕ̃∂
λΦ− 2m2

s ϕ̃Φ). (23)
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RAINBOW DIAGRAM FOR GAUGE FIELD

FIGURE: The diagram generating the higher derivative term of gauge
field.

ΠR
µν(p

2) = i
κ2

24π2
1
ε

p2(p2ηµν − pµpν)
∑
~n

·1

−i
3κ2

8π2
1
ε
(p2ηµν − pµpν)

∑
~n

m2
~n + [finite part ]
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SUMMATION OVER K-K TOWERS

Evaluate the loop integrals in DR scheme.
The summation over the K-K states be written as an
integration since they are near degenerate

∑
~n

f (m~n) =

∫ Λ2

0
dm2

~nρ(m~n)f (m~n) =

∫ Λ2

0
dm2

~n

Rnmn−2
~n

(4π)n/2Γ(n/2)
f (m~n).

(24)

Only valid below Mpl(4+n): cutoff Λ ∼ Mpl(4+n).
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HIGHER DERIVATIVE OPERATOR

The final result is:

ΠR
µν(p

2) = i
κ̂2

24πn [
2Λn

(4π)n/2Γ(n/2)n
]
1
ε

p2(p2ηµν − pµpν)

+ · · · . (25)

p2(p2ηµν − pµpν) ⇒ ∂µFµν∂ρFρν

κ̂2Λn ∼ 1
M2

pl(4+n)

∼ 1(TeV )−2

Corrections due to large extra dimensional gravity induce

TeV scale higher derivative operator!
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TEV LEE-WICK GAUGE FIELD

The modified Maxwell theory in the curved spacetime:

−
∫

d4xdny [
√
−|ĝ(4)|(1

4
ĝµλĝνρFµνFλρ −

a1

2M2 ĝµρĝνλĝστDµFρσDνFλτ )δ(n)(y)] (26)

The Lagrangian for photon:

−1
4

FµνFµν +
a1

M2
pl(4+n)

∂µFµν∂ρFρν . (27)

The propagator for the photon has two poles:

p2 = 0 ⇒ the massless photon

p2 =
M2

pl(4+n)

a1
⇒ Lee-Wick particle.
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RAINBOW DIAGRAMS FOR FERMION

FIGURE: The diagrams generating the higher derivative term of
fermion.

The final result is:

ΣR(p/) = −i
κ̂2

128π2 [
Λn

(4π)n/2Γ(n/2)n(n + 2)
]
1
ε
(n − 16)p2p/

+ · · · . (28)
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TEV LEE-WICK FERMION

p2p/⇒ Ψ̄∂/∂/∂/Ψ

The propagator for the fermion:

i
p/− a2

M2
pl(4+n)

p2p/
=

−i
a2

M2
pl(4+n)

(p2 −
M2

pl(4+n)

a2
)p/
, (29)

It has two poles: p2 = 0 ⇒ massless fermion

p2 =
M2

pl(4+n)

a2
⇒ Lee-Wick fermion.
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RAINBOW DIAGRAM FOR SCALAR

FIGURE: The diagrams generating the higher derivative term of scalar.

ΩR(p2) = −i
κ̂2

16π2
Λn

(4π)n/2Γ(n/2)

1
ε
(

1
n + 2

p4 +
n + 16

n(n + 2)
m2

sp2

− 5n + 8
(n + 2)2 Λ2p2 +

8n − 16
n(n + 2)

m4
s) + [finite part ].(30)
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TEV LEE-WICK SCALAR

p4 ⇒ (∂2Φ)2

The propagator for the scalar:

i
p2 − a3

M2
pl(4+n)

p4 −m2
s
. (31)

For Mpl(4+n)√
a3

� ms, it has poles at p2 ' m2
s and at

p2 ' M2
pl(4+n)/a3

Feng Wu and Ming Zhong, arXiv:0807.0132 [hep-ph].

Ming Zhong Advanced Topics on Flavor Physics · July 9, 2008



A Short Review on Lee-Wick Mechanism
Lee-Wick Fields out of Gravity

TeV Lee-Wick Fields out of Large Extra Dimensional Gravity
Summary

OUTLINE

1 A SHORT REVIEW ON LEE-WICK MECHANISM

2 LEE-WICK FIELDS OUT OF GRAVITY

3 TEV LEE-WICK FIELDS OUT OF LARGE EXTRA
DIMENSIONAL GRAVITY

4 SUMMARY
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SUMMARY

Lee-Wick mechanism introduces massive particles to
regulate the momentum integration.
Lee-Wick SM: No quadratic divergences, stable Higgs
mass.

Planck scale Lee-Wick particles can be induced from 4-d
gravity.
TeV scale Lee-Wick particles can be induced from large
extra dimensional gravity. (More Than Lee-Wick SM?)
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Thank you !
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