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New physics (local interactions perspectives) 

- Physics we know: SM + Majorana neutrino masses 
- EW gauge symmetry is nonlinearly realised:  

- Perturbative unitarity breaks down at: 
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New physics (topology of vacuum states) 

SM is defined not only through local interactions but also by its 
lowest energy (vacuum) state. 

Quite generally:

- The global (topological) properties of the quantum vacuum 
induce novel non-perturbative interactions and influence the 
particle state spectrum, implying the existence of light 
emergent scalar particle states and a new scale of non-
perturbative physics.

- Gravity plays important role in particle physics: it contributes 
in shaping the vacuum state of SM (not in this talk)  

Gia Dvali, AK, Otari Sakhelashvili, 2406.18402
Zhe Chen, AK, 2108.05549
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Main takeaway

- The non-conservation of a charge due to the quantum 
anomaly is necessarily accompanied by the spontaneous 
breaking of the associated symmetry. The vacuum 
condensate triggering the breaking has intrinsically 
topological origin and are accompanied by an emergent 
(pseudo)Goldstone state.

- Within the Standard Model we predict a new emergent 
pseudoscalar particle state, ηw , associated with the 
spontaneous breaking of anomalous U(1)B+L symmetry. 
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Consider SU(2) pure Yang-Mills theory (prototype for 
QCD and the EW sectors of the standard model or even 
GR)

- θ-term is topological:
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- θ-term results from topological properties of the ground 
(vacuum) state that is gauge-invariant and complies with 
the causality (cluster decomposition) properties of the 
theory

- Topology of vacuum states :
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- The ground state

- Invariant under “small” gauge transformations [𝛼! 𝑥⃗  is 
smooth on 𝑆"]

- “Large” gauge transformations: 𝑛 → |𝑛 + 𝜈⟩	[𝜈 winding #]
- Quantum transition between different 𝑛  vacua are 

‘mediated’ by instantons (not energy eigenstates) 

Fully gauge invariant ground state:
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Gauge invariance implies that θ = const., and different θ-
vacua are orthogonal, 	𝜃! 𝜃 = 0 𝜃! ≠ 𝜃 + 2𝜋𝑘

- Fock space of states

- Generating functional
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Add (spin-1/2) fermions:

- If the Dirac operator admits zero-mode solutions

the vacuum transitions with 𝜈 ≠ 0 are halted and θ 
becomes unobservable.
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Fermion zero-modes are mandated by the topological 
index theorem

Atiyah and Singer ‘63
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For             , the Dirac operator exhibits spectral asymmetry in zero modes
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Anomalous U(1)A symmetry must be spontaneously 
broken

- Action on the vacuum state:

 

Anomalous symmetry is spontaneously broken
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- The order parameter for spontaneous U(1)A breaking is given 
by a local composite fermion operator that carries each of 
the fermion zero modes (the local ‘t Hooft operator):

- Spectral asymmetry of the Dirac operator in vacuum is 
materialised as the vacuum condensate of the fermionic 
composite operator
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Topology, θ-vacua, anomalies and condensates: 
general considerations

- Naïve application of the Goldstone theorem would imply 
the existence of a massless particle (phase field of the 
order parameter)

- No massless pole in this case, but a massive 
(pseudo)Goldstone state:

- θ-vacuum implies long-range (non-propagating) gauge 
interactions, hence spontaneous breaking of an 
anomalous symmetry is realised in the Higgs phase, i.e., a 
massive propagating dof. 
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3-form gauge theory formulation of θ-vacua

- Gauge redundancy -> no propagating dof

- Nevertheless, one observes a long-range Coulomb-type correlation: 

- Spontaneous breaking of anomalous symmetry – Higgsing 3-form
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3-form gauge theory formulation of θ-vacua
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These are very generic considerations, applicable also to 
massive gauge-invariant theories in the Higgs phase  
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QCD in the chiral symmetry limit

- In direct analogy with the Schwinger model:

- θ is unobservable in chiral QCD. “Massless quark” solution to 
the strong CP problem = η’ as axion 
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The electroweak 𝜂! of the Standard Model

- In the Standard Model U(1)B+L is an exact symmetry in the 
classical approximation and explicitly broken by quantum 
anomaly

 
- U(1)B+L must be broken also spontaneously, the order 

parameter being ‘t Hooft’s local composite operator 
comprising of 12 fermionic (quark and lepton) operators. The 
phase field of the order-parameter is an emergent dof, 𝜂!. 
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Detour to electroweak constrained instantons

- Due to the short-range nature of electroweak 
interactions the transitions between topologically non-
trivial would-be vacua are mediated by constrained 
instantons of size < 1/vew

- Very large action,
18
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Detour to electroweak constrained instantons

- Average (Euclidean) distance between instantons:
 

- The non-perturbative vacuum is a rarefied gas of 
instantons

- The presence of zero modes of massive fermions, 
supported by the index theorem, may sound 
counterintuitive:
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Calculations in a toy model
- Toy model:
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Calculations in a toy model

- (B+L) symmetry

- Propagator in the instanton vacuum:

- Order parameter:

<latexit sha1_base64="BVObOAdpmc+pyp5qo3Ma2VtyA6M="></latexit>

 ! ei↵�5/2 ,  † !  †ei↵�5/2 , �5 =

✓
�5 , 0
0 , ��5

◆

<latexit sha1_base64="bgMJFv3cZr4CZglB/z6P3U/TJGk="></latexit>

1

D̂ + iµ
=

P0

iµ
+�� iµ�2 +O(µ2)

hx|P0|xi =  
†
0(x� z) 0(x� z)

21

<latexit sha1_base64="1SKLf+uXNFcv+EH7h1vXoqIT3I4="></latexit>

h †(x) (x)i = lim
µ!0

1

iµ

Z
d4zd⇢

⇢5
D(⇢)hx|P0|xi

' �iv3
✓
2⇡

↵2

◆4

e�
2⇡
↵2

<latexit sha1_base64="5HwqT+0+DNcqW2ujQwW/c6NpO1A="></latexit>

D(⇢) =

✓
2⇡

↵2(⇢)

◆4

e�
2⇡

↵2(⇢)�2⇡2v2⇢2

µ⇢



The modified Goldstone theorem
- Apply the Goldstone theorem with the anomaly contribution:

- Electroweak 3-form is Higgsed (hence 𝜃"! is unobservable):
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Calculations in full Standard Model

- 12-fermion composite order parameter:

- Naïve ‘non-perturbative’ running implies UV scale: 
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Calculations in full Standard Model
- However, the non-perturbative vacuum gets rearranged at 

much lower scales: 

- Vacuum is dominated by topologically trivial (ν=0) instanton – 
ant-instanton correlated configurations and the vacuum 
condensate ‘evaporates’ 

- The emergent state seize to exist as 1-particle state:
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Properties of ηW (preliminary)

- Mass:
- Witten-Veneziano relation (can be reproduced using EFT and 

anomalous Ward identities):

- Couples via anomaly with electroweak gauge bosons

- No coupling to 2-photons (no mixed B+L-electromagnetic 
anomaly) – avoid astrophysical bounds

- Direct couplings to fermions are exponentially suppressed; 
only through gauge boson loops (2-loop radiative couplings at 
best) 
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Properties of ηW (preliminary)
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- Processes with missing energy signature, e.g., 
rare meson decay: 
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Summary
- θ-vacuum structure and spectral asymmetry of the Dirac operator 

(anomaly), implies that anomalous symmetry is broken spontaneously

- The breaking is realised as the Higgs effect for a topological 3-form 
gauge field, rendering θ unobservable and resulting in an emergent 
pseudo-scalar particle

- In the case of an additional explicit violation of anomalous symmetry, 
the condensate persists (the spectrum of the Dirac operator is still 
asymmetric ), with corrections from explicit breaking.

- In the electroweak sector of the Standard Model, unobservability of the 
θ parameter is accompanied by the emergence of a particle state, ηW .

- ηW is can potentially be detected through rare meson decays with 
missing energy signature (work in progress)
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2D detour – the Schwinger model

- Electrodynamics in (1+1)-dimensions: 

- Boring local physics: no propagating dof (no photons), only 
long-range electrostatics (on-shell): 

- Topologically is very interesting. Off-shell instantons (finite, 
but non-minimal action) are relevant quantum mechanically:
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2D detour – the Schwinger model

- The theory exhibits θ-vacuum structure:

- Anomaly:

- Spontaneous chiral symmetry breaking:  
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2D detour – the Schwinger model

- The phase of the condensate develops a `kinetic term’, 
which is nothing but the mass term of the gauge field:

- Instead of massless Goldstone we have now massive 
gauge field (the Higgs mechanism)

- Note that in the Higgs phase, no long-range constant 
electric field solution exists. Consequently, θ-term               
is eliminated from the effective action; θ becomes  
unobservable.  
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