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Spin of the 125-126 GeV resonance?

� Bosonic resonance of mh = 125 - 126 GeV
observed by ATLASa and CMSb

� The determination of spin and parity (JCP)
is an important priority

� Landau-Yang Theoremc — A vector
(J = 1) particle cannot decay into γγ

aG. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1-29 (2012)
bS. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 716, 30-61 (2012)
cL.D. Landau, Dokl. Akad. Nauk., USSR 60, 207 (1948); C.N. Yang, Phys. Rev. 77, 242 (1950)

[E. Di Marco, ICHEP 2014]

4 / 21

http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S0370269312008581
http://prola.aps.org/abstract/PR/v77/i2/p242_1


Spin of the 125-126 GeV resonance?

� Exclusion limits1 on J = 2+ (minimal graviton-like coupling):

I ATLAS — 99.9% CL from WW ,ZZ and γγ decay
(ind. of gg or qq contr.)

I CMS — 99.9% CL from WW ,ZZ
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JP = 2± with non-minimal coupling?

1ATLAS-CONF-2013-040; CMS-PA-HIG-14-014
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Mimicking Higgs

� Difficult to construct a self-consistent theory for massive spin-2

� Use an effective theory with non-universal couplings:

Lh−SM = −κi
2
hµνT i

µν

� Choose κi to mimic the SM Higgs decay rates

Γ(H → VV ∗) = Γ(h→ VV ∗) =⇒ κ2
V = 30e3 mH

m3
h

m2
V

m2
W

FH(mV /mH)

Fh(mV /mh)
,

where Fh,H(ε) can be found in the references2,3

κ2
W ≈ 3.61× 10−5 GeV−2 anda κ2

Z ≈ 4.42× 10−5 GeV−2

aGF = 1.17 × 10−5 GeV−2

� Energy scale at which perturbative unitarity hZ → hZ is broken indicates
new physics

2J. Ellis, V. Sanz and T. Tou, arXiv:hep-ph/1211.3068 (2012)
3W.-Y. Keung and W. J. Marcino, Phys.Rev. D 30, 248 (1984)

7 / 21

http://arxiv.org/abs/1211.3068
http://link.aps.org/doi/10.1103/PhysRevD.30.248


Outline

1 Background

2 Spin-2 Framework

3 Unitarity

4 Oblique Parameters

5 Conclusions with generalisation

8 / 21



Unitarity

� Jacob-Wick expansion4 for Lorentz invariant amplitude M:

M(s,Ω) = 16π
∑
j

(2j + 1)aj(s)Pj(cos θ)

Unitarity bound

|Im aj | ≥ |aj |2 =⇒ a |Re aj | ≤ 1

2

aW. Marciano, G. Valencia and S. Willenbrock Phys. Rev. D 40 1725-1729 (1989)

4M. Jacob and G.C. Wick, Ann. Phys. 7, 404-428 (1959)
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hZ → hZ

p1, εsµν

k1, εα

β γ

p2, εs
′
ρσ

k2,εδ p1, εsµν

k1, εα

γ
k2,εδ

β
p2, εs

′
ρσ

Longitudinal Polarisations

J = 1 : ε0
µ(p) ∼ O(p)

J = 2 : ε0
µν(p) ∼ O(p2)

J = 1 propagator

−ηβγ + qβqγ

q2 −m2
V

∼ O(p)

hZZ vertex

−i κ
2

(
(m2 + k1 · k2)Cµν,αβ + Dµν,αβ(k1, k2)

)
∼ O(p2)

Expect scaling ∼ O(p10)

� In the high energy amplitude ∼ O(p8):

Ms ≈ − κ
2
Z s

3

24m4
h

(
1− 4

m2
Z

s
(1− cos θ)

)
Mt ≈ κ2

Z s
4

512m4
hm

2
Z (1− cos θ)

(
csc2 θ

2
sin6 θ + 8

m2
Z

s
(1 + cos θ)4

)
Unitarity Violation

New physics need to enter before Λ . 600 GeV
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K -Matrix

� Scattering amplitude evaluated to all orders of perturbation theory should
lie on the Argand circle

� Restores unitarity by projecting each partial wave onto the
Argand-circle5,6,7:

Im
1

aj
= −1

Re

Im

i
2

aj(s)

aKj (s) =
(

Re 1
aj (s)
− i
)−1

5A. Alboteanu, W. Kilian and J. Reuter, JHEP 0811 010 (2008)
6V. Barger, K. Cheung and T. Han, Phys. Rev. D 42 3052 (1990)
7M. S. Chanowitz, arXiv:hep-ph/9612240 (1996)
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Additional resonance needed!
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� New resonance(s) J = 1, 2, 3 required to rescue the theory from unitary
violation!

� Difficult to write a gauge invariant, interacting theory for J ≥ 2

� Scattering amplitude for J ≥ 2 will be of even higher energy dependence
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Adding a Z ′

� Consider the simplest J = 1 case by introducing a new U ′(1) gauge field,
Z ′ via a kinetic mixing term:

L ⊃ − sinχ

2
ZµνZ

′µν ,

� The corresponding energy momentum tensor term is given by:

T ZZ ′
µν =

(
− ηµνLZZ ′ + 2

δL
δĝµν

)∣∣∣∣
ĝ=η

Feynman rule

hZZ ′ vertex: − iκ′

2

[
(k1 · k2) Cµν,ρσ + Dµν,ρσ(k1, k2)

]
∼ O(p2)
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Unitarity (κ′ = κ)
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Unitarity — some tuning (κ′ = iκ)
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STU parameters

Definitions

αS := 4s2
θW c2

θW

ΠZ (m2
Z )− ΠZ (0)

m2
Z

αT :=
ΠW (0)

m2
W

− ΠZ (0)

m2
Z

α(S + U) := 4s2
θW

ΠW (m2
W )− ΠW (0)

m2
W

M. E. Peskin and T. Takeuchi, Phys. Rev. D 46 381 (1992)
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W and Z boson self energy

p p + k

k

p

� Similar calculations for Kaluza-Klein (KK) gravitons have been already
performed8

� So we simply remove summation over the KK tower:

ΠV (m2
V ) =

κ2
Vm

2
V

192π2m4
h

∫ Λ2

0

dk2
E

∫ 1

0

dz
k2
E

[k2
E + m2

h(1− z) + m2
V z

2]2
f1(k2

E ,m
2
h, z ,m

2
V )

ΠV (0) =
κ2m2

V

192π2m4
h

∫ Λ2

0

dk2
E

k2
E

(k2
E + m2

V )(k2
E + m2

h)
f2(k2

E ,m
2
h,m

2
V )

where f1,2 are defined in the references8

8T.Han, D. Marfatia and R. -J. Zhang, Phys. Rev. D 62, 125018 (2000)
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Compatibility with STU parameters
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Figure 4: S, T and U parameters as a function of cut-off scale Λ in the effective theory with a
125 GeV spin-2 Higgs impostor.

in Figure 3, with external legs being either W or Z bosons. The corresponding couplings are

determined as in Eqs. (12) and (13). Similar calculations in the case of Kaluza-Klein (KK)

gravitons have been already performed in [21]. We straightforwardly modified their calculations

of the rainbow diagram by ‘removing’ the summation over the massive KK states to give:

ΠV (m2
V ) =

κ2
Vm

2
V

192π2m4
h

∫ Λ2

0

dk2
E

∫ 1

0

dz
k2
E

[k2
E +m2

h(1− z) +m2
V z

2]2
f1(k2

E,m
2
h, z,m

2
V ) , (21)

ΠV (0) =
κ2m2

V

192π2m4
h

∫ Λ2

0

dk2
E

k2
E

(k2
E +m2

V )(k2
E +m2

h)
f2(k2

E,m
2
h,m

2
V ) , (22)

where

f1(x, y, z, r) = 4r3(z − 2)2z4 + r2z2
[
16y(z − 2)− x(21z2 − 52z + 24)

]

+r
[
4xy(z2 − 8z + 2) + 4y2(9z2 + 4) + x2(15z2 − 14z + 1)

]
− x(x2 + 4xy + 23y2) , (23)

f2(x, y, r) = x(x+ y)(x+ 13y) + r(4x2 + 26xy + 52y2) . (24)

Our numerical results for STU parameters are shown in Figure 4 as functions of the cut-off

scale Λ and some representative values are presented in Table 4. These predictions must be

8

� Even if we have heavier Higgs
to solve the unitarity problem

∆S ≈ 1

6π
ln

(
Λ

mref
h

)
≈ 0.0245

∆T ≈ − 3

8πc2
θW

ln

(
Λ

mref
h

)
≈ −0.0717

∆U ≈ 0

Parameter/Energy cutoff (Λ) Exp∗9. 200 GeV 400 GeV 600 GeV

S 0.03± 0.01 -3.12 -58.0 -427.0

T 0.05± 0.12 -0.70 -9.75 -64.6

U 0.03± 0.10 -0.17 -3.42 -26.80

∗mref
t = 173 GeV, mref

h = 126 GeV

9M. Baak et. al., Eur. Phy. J. C 72 2205 (2012)
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Conclusions with generalisation

� Considered a spin-2 Higgs
impostor with minimal
non-universal couplings.

� Unitarity violation at around
Λ ≈ 600 GeV

� J = 2 ruled out by STU precision
parameters

� For general coupling: expect M
∼ E 6 for even-parity and ∼ E 8 for
odd-parity

66 S.Y. Choi et al. / Physics Letters B 553 (2003) 61–71

Table 1
The most general tensor couplings of theHZ∗Z vertex and the corresponding helicity amplitudes for Higgs bosons of spin� 2. Here
p = k1 + k2 and k = k1 − k2, wherek1 and k2 are the 4-momenta of theZ∗ and theZ bosons, respectively. For spin� 3, the helicity
amplitudes rise∼ βJ−2 and∼ βJ−1 for even and odd normalities, respectively

J P HZ∗Z coupling Helicity amplitudes Threshold

Even normality nH = +
0+ a1g

µν + a2p
µpν T00 = (

2a1
(
M2

H − M2∗ − M2
Z

) + a2M
4
Hβ2)

/(4M∗MZ)

T11 = −a1

1

1

1−
b1g

µνkβ + b2g
µβpν

+ b3g
νβpµ + b4p

µpνkβ

T00 = β
[−2b1

(
M2

H − M2∗ −M2
Z

) − b2
(
M2

H − M2
Z +M2∗

)
+ b3

(
M2

H − M2∗ + M2
Z

) − b4M
4
Hβ2]

MH/(4M∗MZ)

T01 = βb3M
2
H/(2M∗)

T10 = −βb2M
2
H/(2MZ)

T11 = βb1MH

β

β

β

β

2+ c1(g
µβ1gνβ2 + gµβ2gνβ1)

+ c2g
µνkβ1kβ2

+ c3(g
µβ1kβ2 + gµβ2kβ1)pν

+ c4(g
νβ1kβ2 + gνβ2kβ1)pµ

+ c5p
µpνkβ1kβ2

T00 = {−c1
(
M4

H − (
M2

Z −M2∗
)2)/

M2
H

+M2
Hβ2[

c2
(
M2

H − M2
Z −M2∗

) + c3
(
M2

H −M2
Z + M2∗

)

− c4
(
M2

H − M2∗ +M2
Z

)] + 1

2
c5M

6
Hβ4}/(√

6MZM∗
)

T01 = (−c1
(
M2

H −M2
Z + M2∗

) − c4M
4
Hβ2)/(√

2M∗MH

)
T10 = (−c1

(
M2

H −M2∗ + M2
Z

) + c3M
4
Hβ2)/(√

2MZMH

)
T11 = −√

2/3
(
c1 + c2M

2
Hβ2)

T1,−1 = −2c1

1

1

1

1

1

Odd normality nH = −
0− a1ε

µνρσ pρkσ T00 = 0

T11 = iβM2
H a1

β

1+ b1ε
µνβρpρ

+ b2ε
µνβρkρ

+ b3(ε
µβρσ pν + ενβρσ pµ)pρkσ

T00 = 0

T01 = i
(
b1

(
M2

Z − M2
H − M2∗

) + b2
(
M2

H − M2
Z − 3M2∗

)
+ b3M

4
Hβ2)

/(2M∗)
T10 = i

(
b1

(
M2∗ − M2

H −M2
Z

) − b2
(
M2

H − M2∗ − 3M2
Z

)
+ b3M

4
Hβ2)

/(2MZ)

T11 = i
(−b1M

2
H + b2

(
M2

Z − M2∗
))
/MH

1

1

1

2−
c1ε

µνβ1ρpρk
β2

+ c2ε
µνβ1ρkρk

β2

+ c3(ε
µβ1ρσ pν + ενβ1ρσ pµ)kβ2pρkσ

+ c4ε
µνρσ pρkσ k

β1kβ2

+ β1 ↔ β2

T00 = 0

T01 = iβ
(
c1

(
M2

H + M2∗ − M2
Z

) − c2
(
M2

H − M2
Z − 3M2∗

)
− c3M

4
Hβ2)

MH

/(√
2M∗

)
T10 = iβ

(
c1

(
M2

H + M2
Z − M2∗

) + c2
(
M2

H − M2∗ − 3M2
Z

)
− c3M

4
Hβ2)

MH

/(√
2MZ

)
T11 = iβ2

√
2/3

(
c1M

2
H + c2

(
M2∗ − M2

Z

) + c4M
4
Hβ2)

T1,−1 = 0

β

β

β
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H − M2
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4
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MH

/(√
2M∗

)
T10 = iβ

(
c1

(
M2

H + M2
Z − M2∗

) + c2
(
M2

H − M2∗ − 3M2
Z

)
− c3M

4
Hβ2)

MH

/(√
2MZ

)
T11 = iβ2

√
2/3

(
c1M

2
H + c2

(
M2∗ − M2

Z

) + c4M
4
Hβ2)

T1,−1 = 0

β

β

β
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Table 1
The most general tensor couplings of theHZ∗Z vertex and the corresponding helicity amplitudes for Higgs bosons of spin� 2. Here
p = k1 + k2 and k = k1 − k2, wherek1 and k2 are the 4-momenta of theZ∗ and theZ bosons, respectively. For spin� 3, the helicity
amplitudes rise∼ βJ−2 and∼ βJ−1 for even and odd normalities, respectively

J P HZ∗Z coupling Helicity amplitudes Threshold

Even normality nH = +
0+ a1g

µν + a2p
µpν T00 = (

2a1
(
M2

H − M2∗ − M2
Z

) + a2M
4
Hβ2)

/(4M∗MZ)

T11 = −a1

1

1

1−
b1g

µνkβ + b2g
µβpν

+ b3g
νβpµ + b4p

µpνkβ

T00 = β
[−2b1

(
M2

H − M2∗ −M2
Z

) − b2
(
M2

H − M2
Z +M2∗

)
+ b3

(
M2

H − M2∗ + M2
Z

) − b4M
4
Hβ2]

MH/(4M∗MZ)

T01 = βb3M
2
H/(2M∗)

T10 = −βb2M
2
H/(2MZ)

T11 = βb1MH

β

β

β

β

2+ c1(g
µβ1gνβ2 + gµβ2gνβ1)

+ c2g
µνkβ1kβ2

+ c3(g
µβ1kβ2 + gµβ2kβ1)pν

+ c4(g
νβ1kβ2 + gνβ2kβ1)pµ

+ c5p
µpνkβ1kβ2

T00 = {−c1
(
M4

H − (
M2

Z −M2∗
)2)/

M2
H

+M2
Hβ2[

c2
(
M2

H − M2
Z −M2∗

) + c3
(
M2

H −M2
Z + M2∗

)

− c4
(
M2

H − M2∗ +M2
Z

)] + 1

2
c5M

6
Hβ4}/(√

6MZM∗
)

T01 = (−c1
(
M2

H −M2
Z + M2∗

) − c4M
4
Hβ2)/(√

2M∗MH

)
T10 = (−c1

(
M2

H −M2∗ + M2
Z

) + c3M
4
Hβ2)/(√

2MZMH

)
T11 = −√

2/3
(
c1 + c2M

2
Hβ2)

T1,−1 = −2c1

1

1

1

1

1

Odd normality nH = −
0− a1ε

µνρσ pρkσ T00 = 0

T11 = iβM2
H a1

β

1+ b1ε
µνβρpρ

+ b2ε
µνβρkρ

+ b3(ε
µβρσ pν + ενβρσ pµ)pρkσ

T00 = 0

T01 = i
(
b1

(
M2

Z − M2
H − M2∗

) + b2
(
M2

H − M2
Z − 3M2∗

)
+ b3M

4
Hβ2)

/(2M∗)
T10 = i

(
b1

(
M2∗ − M2

H −M2
Z

) − b2
(
M2

H − M2∗ − 3M2
Z

)
+ b3M

4
Hβ2)

/(2MZ)

T11 = i
(−b1M

2
H + b2

(
M2

Z − M2∗
))
/MH

1

1

1

2−
c1ε

µνβ1ρpρk
β2

+ c2ε
µνβ1ρkρk

β2

+ c3(ε
µβ1ρσ pν + ενβ1ρσ pµ)kβ2pρkσ

+ c4ε
µνρσ pρkσ k

β1kβ2

+ β1 ↔ β2

T00 = 0

T01 = iβ
(
c1

(
M2

H + M2∗ − M2
Z

) − c2
(
M2

H − M2
Z − 3M2∗

)
− c3M

4
Hβ2)

MH

/(√
2M∗

)
T10 = iβ

(
c1

(
M2

H + M2
Z − M2∗

) + c2
(
M2

H − M2∗ − 3M2
Z

)
− c3M

4
Hβ2)

MH

/(√
2MZ

)
T11 = iβ2

√
2/3

(
c1M

2
H + c2

(
M2∗ − M2

Z

) + c4M
4
Hβ2)

T1,−1 = 0

β

β

β
p = k(Z) + k(Z′) and k = k(Z) − k(Z′)

— S. Y. Choi et. al., Phys. Lett. B 553 61 (2003)

Violation of perturbative unitarity is expected to be at energies Λ ∼ 1 TeV.
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Thank You!
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Visiting spin-1 (I)

� Constructing action corresponding to10:

∂2Aµ = 0

� Most general action with quadratic derivative

L = a ∂µAν∂
µAν + b ∂µAν∂

νAµ

� Eqn of motion:

Eµ(A) := ∂ν
∂L

∂∂νAµ
= a�Aµ + b∂µ∂νAν = 0

� If theory allowed to couple to a conserved source current (∂µj
µ = 0):

L ⊃ jµA
µ =⇒ ∂µEµ

∣∣∣∣
on-shell

≡ 0 =⇒ a = −b

� Recover the Maxwell Lagrangian (choosing normalisation):

L = −1

4
FµνF

µν

10C.-I. Chiang General Relativity from Special Relativistic Field Theory
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http://lecospa.ntu.edu.tw/upload/sgtalk/20110904152933_GRfromSRFT0904.pdf


Visiting spin-1 (II)

� Varying the action:

δS =

∫
Ω

d4x (EµδAµ − ∂µ(FµνδAν))

� Want to make ∂µEµ = 0 hold in the off-shell case =⇒ gauge invariance:

δAµ := ∂µΛ(x) with Λ(x)

∣∣∣∣
∂Ω

= 0

� Stationary action:

0 = δS =

∫
Ω

d4x

(
− ∂µEµΛ− ∂µ(O(Λ))

0

)
=⇒ ∂µEµ

∣∣∣∣
off-shell

= 0

� Now add mass term, then E.O.M coupled to conserved current recovers
gauge condition:

Eµ + m2Aµ = jµ
∂µ

=⇒ ∂µA
µ = 0

Self consistency

Could have started with general Lagrangian respecting δAµ = ∂µΛ.
This fixes the coefficients in such a way such that L ⊃ jµAµ =⇒ ∂µj

µ = 0
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Visiting spin-1 (III)

� ∂µA
µ = 0 removes 1 (A0 ghost) of the 4 dof :

H =
∂L

∂∂0Aα
∂0Aα − L

= −1

2
(∂0A

2
0 + (∇A0)2 + m2A2

0) +
1

2
((∂0A)2 + (∂iAj)

2 + m2A2)

� What about gauge invariance of mass term?

� Stückelberg trick11 — Starting with action:

S =

∫
d4x

(
− 1

4
FµνFµν − 1

2
m2AµAµ + Aµjµ

)
� Introduce a new scalar field φ such that Aµ → Aµ + ∂µφ

S 7→
∫

d4x

(
− 1

4
FµνFµν − 1

2
m2|Aµ + ∂µφ|2 + Aµjµ − φ∂µjµ

)
� new action has gauge symmetry δAµ = ∂µΛ and δφ = −Λ but is still

dynamically equivalent to the original action (which is a gauge fixed
version of the new action with φ = 0)

11see K. Hinterbichler, Rev. Mod. Phys. 84, 671 (2012) for more detail
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http://rmp.aps.org/abstract/RMP/v84/i2/p671_1


Spin-2 couplings

� In the linear approximation: Lh−SM ⊃ κhµνTµν (like graviton)

� Consistency requirements:

L ⊃ κhµνTµν

∂µT
µν = 0 δhµν = 2∂(µξν)

Universal coupling

Divergenceless
energy momentum tensor

Gauge
transformation
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Massive spin-2

� Generic kinetic term for spin-2 a,b,c:

L = a∂ρhµν∂
ρhµν + b∂µh

µρ∂νhνρ + c∂µh
µν∂νh + d∂ρh∂

ρh

� We have:

Eµν(h) := ∂ρ
∂L

∂∂ρgµν
= a�hµν+2b∂ρ∂

(µhν)ρ+c∂(µ∂ν)h+cηµν∂ρ∂σh
ρσ+2dηµν�h

� If L ⊃ hµνT
µν with ∂µT

µν = 0:

∂µEµν
∣∣∣∣

on shell

≡ 0 =⇒ a = −1

2
b =

1

2
c = −d

� Stationary variation to reveal gauge transformation:

0 = δS =

∫
Ω

d4xEµνδhµν =⇒ δhµν = ∂µξν + ∂νξµ

� If L ⊃ m2
h(hµνh

µν − h2), we can recover gauge condition (De Donder) from

Eµν + m2
h(hµν − ηµνh2) = Tµν ∂µT

µν=0
=====⇒ ∂µ(hµν − ηµνh) = 0

eliminating 4 (h00 and h0i ) out of 10 dof d

aM. Fierz and W.Pauli, Proc. R. Soc. Lond. A 173 21 (1939)
bK. -I. Sato, arXiv:hep-th/0501042 (2005)
cC. de Rham, arXiv:hep-th/1401.4173 (2014)
dThe traceless condition h

µ
µ eliminates another dof 6 / 13

http://rspa.royalsocietypublishing.org/content/173/953/211.full.pdf+html
http://arxiv.org/abs/hep-th/0501042
http://arxiv.org/abs/1401.4173


Perturbative unitarity and Higgs

� Consider W+
L W−L →W+

L W−L scattering in a Higgsless theory12,13,14:

Mgauge =
1

v 2

(
−(s2 + 4st + t2)︸ ︷︷ ︸

Z/γ exchanges

+ (s2 + 4st + t2)︸ ︷︷ ︸
direct WWWW coupling

+(s + t) +O(E 0)

)

� Unitarity violation:

aj=0
gauge =

s

32πv 2
≤ 1 =⇒ √

s . 1.7 TeV

12B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. D 16 1519 (1977)
13M. Kladiva, Diploma thesis, Charles University in Prague (2003)
14M. Gillioz, PhD thesis, Universität Zürich ( 2012)
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http://prd.aps.org/abstract/PRD/v16/i5/p1519_1
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Perturbative unitarity and Higgs

� Higgs enters with additional contribution:

M =
1

v 2

(
s + t− s2

s −m2
H

− t2

t −m2
H

−m2
H

(
s

s −m2
H

+
t

t −m2
H

))

� The unitary constraint on the Higgs mass:

|aj=0(WLWL →WLWL)| =
m2

H

8πv 2
≤ 1

s�mH=⇒ mH ≤ 2
√
πv ≈ 870 GeV
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hZ → hZ

p1, εsµν

k1, εα

β γ

p2, εs
′
ρσ

k2,εδ p1, εsµν

k1, εα

γ
k2,εδ

β
p2, εs

′
ρσ

� Work in centre of momentum frame with |p1| = |k1| = p define:

cos θ :=
p1 · p2

|p1||p2|

� Spin-1 propagator: −ηβγ + qβqγ

q2 −m2
V

∼ O(1)
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Polarisation for J = 2

� Polarisations for spin-2 are constructed from those of a spin-1

Spin-1

ε0
µ = (

|p|
m
,− p

|p|
p0

m
) =

pµ
m

+O
(
m

p0

)
, ε±µ =

1√
2

(ε1
µ ± iε2

µ)

ε±2
µν = ε±µ ε

±
ν ,∼ O(1)

ε±µν =
1√
2

(ε±µ ε
0
ν + ε0

µε
±
ν ) ∼ O(p)

ε0
µν =

1√
6

(ε+
µε
−
ν + ε−µ ε

+
ν − 2ε0

µε
0
ν) ≈ −

√
2

3
ε0
µε

0
ν ∼ O(p2)

Highest energy dependence is given by longitudinal components
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Spin-2 Feynman rule

k2, εβ

k1, εα

p, εsµν

−i κ
2

(
(m2 + k1 · k2)Cµν,αβ + Dµν,αβ(k1, k2)

)
∼ O(p2)

where15:

Cµν,αβ := ηµαηνβ + ηµβηνα − ηµνηαβ ,

Dµν,αβ(k1, k2) := ηµνk1βk2α −
[
ηµαk1βk2ν + ηµβk1νk2α − ηαβk1µk2ν + (µ↔ ν)

]

15T. Han, J. D. Lykken and R.-J. Zhang, Phys. Rev. D 59 105006 (1999)
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Landau Yang

� Also extended to ZZ decay16

� Proof below17:5.5 Landau-Yang Theorem and its Generalization

5.5 Landau-Yang Theorem and its Generalization

In 1949 C.N. Yang wrote a paper called “Selection Rules for the Dematerialization

of a Particle into Two Photons”. It was motivated by an observation made by John

Archibald Wheeler that positronium in the S-triplet state can not decay into two pho-

tons. Positronium is a bound state of an electron and a positron, the S refers to the

fact that they have no relative orbital angular momentum and the triplet state means

that they have their intrinsic spins aligned. It is therefore a state with total angular

momentum J = 1. We will see that such a decay (J = 1 initial particle) is forbidden

by selection rules. The selection rules are derived from principles of invariance under

rotations in space and inversion (parity).

Yang starts the paper with saying “Consider two photons of equal wavelength λ0 trav-

eling in opposite directions along a z-axis”. This is the same physical situation as if a

particle X decayed into two photons. The different two-particle states of the system

are denoted by Ψλ1λ2 , where λ1,2 takes the values R and L. The first index refers to

the photon propagating in the +z direction and the second to the photon propagating

along the −z direction. R means that the photon has polarization along its direction

of motion, while L means polarization opposite the direction of motion. There are

four different states to be considered, namely ΨRR, ΨRL, ΨLR and ΨLL. Figure 5.3

illustrates this. Yang goes on to see how these states are changed under the following

operations:

1. Rθ, rotation by θ around z-axis

2. Rφ 180 degrees rotation around x-axis

3. P , reflection

Remembering that states are transformed by unitary operators under symmetry oper-

ations, we take a look at the result. It is summarized in table 5.1, which is reproduced

from the original paper. In the C.O.M. frame the following arguments for the selection

rules are made:

1. For an odd initial state (- under parity), the initial particle must decay to ΨRR −ΨLL,

since it is the only odd final state

43

5.5 Landau-Yang Theorem and its Generalization

ΨRR + ΨLL ΨRR - ΨLL ΨRL ΨLR

Rθ rotation by θ around z-axis 1 1 e2iθ e−2iθ

Rφ 180 degrees rotation around x-axis 1 1

P , reflection 1 -1 1 1

Table 5.1: Eigenvalues of symmetry operators on two-photon helicity states

Parity(O) J(B) 0 1 2,4,6 ... 3,5,7 ...

even ΨRR + ΨLL forbidden ΨRR + ΨLL, ΨRL, ΨLR ΨRL, ΨLR

odd ΨRR −ΨLL forbidden ΨRR −ΨLL forbidden

Table 5.2: Selection rules for two-photon helicity states

2. An even initial state must go into one of the three final states ΨRL, ΨLR or

ΨRR + ΨLL

3. For an initial state with angular momentum J = 1, 3, 5..., the only possible final

states are ΨRL and ΨLR. We can rule out the other two because: ΨRR + ΨLL

and ΨRR - ΨLL are simultaneous eigenstates of Rθ and Rφ with eigenvalue 1,

while an initial state with eigenvalue 1 under Rθ will have eigenvalue -1 under

Rφ
1

4. For an initial state with J = 0, 1 the only possible final states are ΨRR + ΨLL

and ΨRR - ΨLL. This is because the other two states have angular momentum

J = ±2~, which is to large for J = 0 or J = 1

Looking at the J = 1 case, argument 3 rules out ΨRR + ΨLL and ΨRR - ΨLL as final

states, while argument 4 rules out ΨRL and ΨLR as final states. Therefore no such

decays should take place. These results are summarized here as table 5.2.

In the paper written in 2008, a similar analysis is made, but with two Z bosons

instead of photons. The difference now is that massive particles have one extra degree

1Yang mentions that such a state has the rotational properties of the spherical harmonics. The

spherical harmonics of odd powers of angular momentum, have a factor eimφ, where φ is the azimuthal

angle and m is the projection of spin along the z-axis (odd number). Rotating about the x-axis means

φ′ → φ+ π, which gives a factor of -1

4516W. -Y. Keung, I. Low and J. Shu, Phys. Rev. Lett. 101 091802 (2008)
17A. Haarr, Master thesis The University of Bergen (2011)
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Slide on Landau-Yang18,19,20

RW-3: Proof of the Landau-Yang Theorem

• In the cm-frame

|2γ〉i =
∫
d3pχijk(~p)a

†
j(~p)a

†
k(−~p)|0〉

• Lorentz (rotational)

χijk(~p) ∼ εijk, piδjk, pjδik, pkδij, pipjpk
piεjknpn, pjεkinpn, pkεijnpn

• Gauge: pia
†
i(~p) = 0, χijk(~p) ∼ εijk, piδjk, piεjknpn

χijk(~p) = −χikj(−~p)

• Bose

|2γ〉i =
1

2

∫
d3p

[
χijk(~p) + χikj(−~p)

]
a
†
j(~p)a

†
k(−~p)|0〉

= 0

18M. Luo, L. Wang and G. Zhu, talk, KITP (2008)
19based on L. Randall and M. B. Wise, arXiv:hep-ph/0807.1746 (2008)
20see also hep-ph/9406398v1;hep-ph/1102.5702
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http://www.kitpc.ac.cn/files/activities/CG20081020/report/12.pdf
 http://arxiv.org/pdf/0807.1746v2.pdf
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http://arxiv.org/pdf/1102.5702.pdf
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