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What else 
• Spectral densities  
• Cross-sections
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Lattice practitioners have 
defined composite operators 
often 'intuitively' because they 
are the only gauge invariant 
operators in the channel 

Last talk: Are these composites 
actually the asymptotic states?
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The weak interaction
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What changes analytically? 

• Replace gauge-variant 
operators with gauge-invariant 
operators 

• Due to the FMS mechanism, 
the results remain the same up 
to small higher-order 
corrections



Complexity of asymptotic states in the weak sector 

Analytic approach

9[A. Maas, Prog. Part. Nucl. Phys., 2019, 1712.04721] and references therein

1) Write down an asymptotic state: It has to be gauge invariant



Complexity of asymptotic states in the weak sector 

Analytic approach

10[A. Maas, Prog. Part. Nucl. Phys., 2019, 1712.04721] and references therein

1) Write down an asymptotic state: It has to be gauge invariant

2) Gauge fix and expand φ(x) = vn + h(x)



Complexity of asymptotic states in the weak sector 

Analytic approach

11[A. Maas, Prog. Part. Nucl. Phys., 2019, 1712.04721] and references therein

1) Write down an asymptotic state: It has to be gauge invariant

3) Expansion in  yields PT result plus correctionsv

2) Gauge fix and expand φ(x) = vn + h(x)

⟨(φ†φ)(x)(φ†φ)(y)⟩c = 4v2⟨h†(x)h(y)⟩c + 𝒪(v)



Complexity of asymptotic states in the weak sector 

Analytic approach

12[A. Maas, Prog. Part. Nucl. Phys., 2019, 1712.04721] and references therein

⟨(φ†φ)(x)(φ†φ)(y)⟩c = 4v2⟨h†(x)h(y)⟩c + 𝒪(v)

3) Expansion in  yields PT result plus correctionsv



Complexity of asymptotic states in the weak sector 

Analytic approach

13[A. Maas, Prog. Part. Nucl. Phys., 2019, 1712.04721] and references therein

⟨(φ†φ)(x)(φ†φ)(y)⟩c = 4v2⟨h†(x)h(y)⟩c + 𝒪(v)

3) Expansion in  yields PT result plus correctionsv



Spectral densities of complex composite asymptotic states

Example for perturbative approach

Compute spectral density from decomposition 

 ⟨h(p)h(−p)⟩ = ∫
∞

0
dm2 ρ(m2)

p2 − m2

14[Maas, Sondenheimer, Phys. Rev. D, 2020]



Spectral densities of complex composite asymptotic states

Example for perturbative approach

Compute spectral density from decomposition 

 

Can compute this for the fundamental and bound 
state from the two point functions 

 

⟨h(p)h(−p)⟩ = ∫
∞

0
dm2 ρ(m2)

p2 − m2

⟨h(p)h(−p)⟩ =
i

p2 − m2
h − Σ0(p2)

15[Maas, Sondenheimer, Phys. Rev. D, 2020]



Spectral densities of complex composite asymptotic states

Example for perturbative approach

Compute spectral density from decomposition 

 

Can compute this for the fundamental and bound 
state from the two point functions 

 

 

⟨h(p)h(−p)⟩ = ∫
∞

0
dm2 ρ(m2)

p2 − m2

⟨h(p)h(−p)⟩ =
i

p2 − m2
h − Σ0(p2)

⟨(φ†φ)(p)(φ†φ)(−p)⟩ = iΣ2(p2)

16[Maas, Sondenheimer, Phys. Rev. D, 2020]



Spectral densities of complex composite asymptotic states

Example for perturbative approach

Compute spectral density from decomposition 

 

Can compute this for the fundamental and bound 
state from the two point functions 

 

 

⟨h(p)h(−p)⟩ = ∫
∞

0
dm2 ρ(m2)

p2 − m2

⟨h(p)h(−p)⟩ =
i

p2 − m2
h − Σ0(p2)

⟨(φ†φ)(p)(φ†φ)(−p)⟩ = iΣ2(p2)

17
 insertions|φ |2 Tree-level + loop 

corrections[Maas, Sondenheimer, Phys. Rev. D, 2020]



Spectral densities of complex composite asymptotic states

Example for perturbative approach

Compute spectral density from decomposition 

 

Can compute this for the fundamental and bound 
state from the two point functions 

 

 

⟨h(p)h(−p)⟩ = ∫
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0
dm2 ρ(m2)
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Gauge parameter dependent 
fundamental spectral densities and 

gauge-invariant bound state spectral 
density



Spectral densities of complex composite asymptotic states

Example for perturbative approach

The lattice requires a smearing/convolution of the spectral density so we apply the same to 
the analytic result

19

Preliminary
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Analytic differences have been predicted for vector boson scattering 
(VBS) for elementary vs. composite asymptotic states Deviations at higher orders - scattering

▷ Differences between perturbation theory and a
gauge-invariant approach have been identified for
vector boson scattering (VBS)
Jenny, Maas, Riederer, Phys. Rev. D 105 (2022), 2204.02756

▷ Generic behavior of interactions between
gauge-invariant composite states⋄ Low energies: bound states probed as a whole⋄ Intermediate energies: only FMS-dominant

contributions matter, close to PT (only first term
in expansion is relevant)⋄ High energies: other valence particles and sea
particles probed as well

Maas (2023), 2305.01960
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Expected deviations @ O(100 GeV) [Jenny, Maas, Riederer, Phys. Rev. D, 2022, 2204.02756]
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Thank you for your attention!


