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New physics from topology of vacuum states 

- The global (topological) properties of the quantum vacuum in 
gauge theories induce novel non-perturbative interactions 
and influence the particle state spectrum, implying the 
existence of light emergent scalar particle states

- 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

- Gravity plays important role in shaping the vacuum state => 
dynamical supersymmetry breaking => emergent dilaton, 
axion and goldstino
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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

- Fock space of states 
disjoint union of θ sectors

- Similar to vacua in spontaneous symmetry breaking 
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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

- Superselection of θ-sectors is lifted by the corresponding 
Goldstone 
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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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θ-vacua in General Relativity

Dalitz seminar, Oxford, 8 May 2025 

- Energy/action is not positive definite
- Eigenvalues of the Dirac operator and topological 

properties of vacua can be affected by the topology of 
curved manifolds and their causal structure

- Positive energy/action theorem: The manifolds that are 
asymptotically Ricci flat (𝑅!" = 0) and admit spinors 
have positive energy/action and well-defined S-matrix:   
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θ-vacua in General Relativity

Dalitz seminar, Oxford, 8 May 2025 
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- Topological invariants

- Effective GR action: 
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θ-vacua in General Relativity

Dalitz seminar, Oxford, 8 May 2025 

- Index of the Dirac operator 𝐼#/% = 0 for all ALE 
instantons – no spin 1/2 zero modes!

- Spin 3/2 fermions, 𝐼&/% ≠ 0	(= 2	for	EH	instanton) 

- Hence to nullify θg – vacua we must incorporate spin 
3/2 fermion => promote GR to Supergravity(!)



QCD in the chiral symmetry limit

- In direct analogy with the Schwinger model in (1+1)d:

- 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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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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Supergravity breaking via gravitino condensate

Dalitz seminar, Oxford, 8 May 2025 

- N=1 pure Supergravity –
- ALE gravitational instantons do not respect supersymmetry:

- The necessary condition for supercharges

is the existence of normalisable solutions to

- No normalisable spin ½ zero-mode solutions in ALE 
gravitational instantons -> supersymmetry must be broken!
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Supergravity breaking via gravitino condensate

TPPC seminar, King's College, 7 May 2025 

- Global U(1) R-symmetry
is classically exact, broken by gravitational anomaly

- Scale transformations (dilatations), also anomalous:
 
- γ-trace supercurrent anomaly:
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Supergravity breaking via gravitino condensate

TPPC seminar, King's College, 7 May 2025 

- Gravitino condensate

spontaneously breaks scale invariance, axial R-symmetry 
and global supersymmetry 

- Emergent Goldstone supermultiplet (dilaton, R-axion, 
goldstino)   
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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 .

- Dynamical supersymmetry breaking in the simplest supergravity theory 
=> emergent dilaton, R-axion and Goldstino.
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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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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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F.T.h✓|Cµ⌫⇢(x), C↵��(0)|✓ip!0 / ⇢(0)

p2
+ ...,

✓ is observable (Coulomb phase, Luscher pole)

Luscher ‘78, 
Veneziano ‘79

<latexit sha1_base64="U2FQsdPsynqUtnJjzFRUrO2p0t8="></latexit>

L = � 1

2 · 4!Fµ⌫⇢�F
µ⌫⇢� +

1

2
(@µ⌘)

2 +
m

3!
✏µ⌫⇢�@µ⌘C⌫⇢�

<latexit sha1_base64="2mBSTwTpapTJui3ddtX+Xv4QD1Y="></latexit>

Lequiv. = � 1

2 · 4!Fµ⌫⇢�F
µ⌫⇢� +

m2

2 · 3!

✓
C⌫⇢� � 1

m
@[⌫ B ⌫⇢]

◆2

.

<latexit sha1_base64="HwVPVQJvaONdkzUrwaA41ldWf7w="></latexit>

L0
equiv. =

1

2
(@µ⌘)

2 � m2

2
⌘2

<latexit sha1_base64="J7+JpZExf6rc7yY+IKUlD7ZjAh0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0W9eCxgv3AdinZNNuGZpMlyVrK0n/hxYMiXv033vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDPzW09UaSbFg5nE1I/wQLCQEWys9Ni9lWOBlZLjXrHklt050CrxMlKCDPVe8avblySJqDCEY607nhsbP8XKMMLptNBNNI0xGeEB7VgqcES1n84vnqIzq/RRKJUtYdBc/T2R4kjrSRTYzgiboV72ZuJ/Xicx4ZWfMhEnhgqyWBQmHBmJZu+jPlOUGD6xBBPF7K2IDLHCxNiQCjYEb/nlVdK8KHuVcuX+slS7zuLIwwmcwjl4UIUa3EEdGkBAwDO8wpujnRfn3flYtOacbOYY/sD5/AHRHpEI</latexit>

+

<latexit sha1_base64="J7+JpZExf6rc7yY+IKUlD7ZjAh0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0W9eCxgv3AdinZNNuGZpMlyVrK0n/hxYMiXv033vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDPzW09UaSbFg5nE1I/wQLCQEWys9Ni9lWOBlZLjXrHklt050CrxMlKCDPVe8avblySJqDCEY607nhsbP8XKMMLptNBNNI0xGeEB7VgqcES1n84vnqIzq/RRKJUtYdBc/T2R4kjrSRTYzgiboV72ZuJ/Xicx4ZWfMhEnhgqyWBQmHBmJZu+jPlOUGD6xBBPF7K2IDLHCxNiQCjYEb/nlVdK8KHuVcuX+slS7zuLIwwmcwjl4UIUa3EEdGkBAwDO8wpujnRfn3flYtOacbOYY/sD5/AHRHpEI</latexit>

+

Dvali ’05
Dvali, Jackiw and Pi, ‘06 



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  

<latexit sha1_base64="gYoIoPA7z9Wsw1/tONKWLnT6vg0="></latexit>

F.T.h✓|Cµ⌫⇢(x), C↵��(0)|✓ip!0 /

8
><

>:

⇢(0)
p2 + ..., ✓ observable (Coulomb phase, Luscher pole)

⇢(0)
p2�m2

⌘
+ ..., ✓ unobservable (Higgs phase, propagating dof!)

- Topological susceptibility of vacuum
<latexit sha1_base64="31cKfABFVNrP34qVy7i5eNmMba4="></latexit>

� = F.T.h✓|TrFF̃ (x), TrFF̃ (0)|✓ip!0 =

8
>><

>>:

⇢(0)=const., ✓ observable

0, ✓ unobservable
(massive pseudo-scalar dof!)



Calculations in full Standard Model

- 12-fermion composite order parameter:

- Naïve ‘non-perturbative’ running implies UV scale: 
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<latexit sha1_base64="ub83A5d789DVJVpNUYUiA0njQqw="></latexit>

Ô / det [(qqq)ilj ] , i = 1, .., Nf = 3
<latexit sha1_base64="dpJyvngch3Ayb8hegpT72g8Vr+8="></latexit>

h✓|Ô(x)|✓i ⇠
✓

2⇡

↵2(vew)

◆4

e�
2⇡

↵2(vew) v6Nf
ew

⇥
Z

d(⇢vew)

⇢vew
e�2⇡2(⇢vew)2(⇢vew)

(43�44Nf )/6

<latexit sha1_base64="/04nPwaIPK06Y34cjy8APvI7S5o="></latexit>

⇤naive = vew
12⇡

↵2(44Nf�43) ⇡ 5 · 104TeV



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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<latexit sha1_base64="N+I2i2XLgGgCF6a7i5r0nL35ZsA="></latexit>

⇤ . 2mW

⇡↵2
⇡ 14TeV (sphaleron scale)

<latexit sha1_base64="0LpHK7XU5ekRB5+BiXL11wpBxYc=">AAACGHicbVDNS8MwHE3n15xfVY9egkOYILMVmR6HXjx4mOA+YC0lTdMtLG1KkgqjbP+FF/8VLx4U8bqb/43ZVkGnDwIv7/eRvOcnjEplWZ9GYWl5ZXWtuF7a2Nza3jF391qSpwKTJuaMi46PJGE0Jk1FFSOdRBAU+Yy0/cH1tN5+IEJSHt+rYULcCPViGlKMlJY889QRfV5JHMVh6GUOUWh0PL1YJ+Pxt+BIGkHnVi8NkGeWrao1A/xL7JyUQY6GZ06cgOM0IrHCDEnZta1EuRkSimJGRiUnlSRBeIB6pKtpjCIi3WxmbASPtBLAkAt9YgVn6s+JDEVSDiNfd0ZI9eVibSr+V+umKrx0MxonqSIxnj8Upgxq59OUYEAFwYoNNUFYUP1XiPtIIKx0liUdgr1o+S9pnVXtWrV2d16uX+VxFMEBOAQVYIMLUAc3oAGaAINH8AxewZvxZLwY78bHvLVg5DP74BeMyRd4cKAQ</latexit>

⇢(p ! f⌘) ! 0, f⌘ ⇠ ⇤ Preliminary, work in 
progress



Properties of ηW 

- 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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<latexit sha1_base64="6Vi4nGT4WkdrHFSuj9ZyTZR8mWg="></latexit>

m2
⌘f

2
⌘ / ⇤4e�

2⇡
↵2 , m⌘ ⇠ 10�20 � 10�17 eV



Properties of ηW (preliminary)
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- Processes with missing energy signature, e.g., 
rare meson decay: 

  <latexit sha1_base64="0NHbTFYMbop3gq2oQvAdzgjZd84=">AAACInicbZDLSgNBEEV74ju+Rl26aQyCooQZkag70Y3gJoJJhMwQejoV06TnQXdNMAzxV9z4K25cKOpK8GPsPBZGLWi4nKqi+t4gkUKj43xauanpmdm5+YX84tLyyqq9tl7Vcao4VHgsY3UTMA1SRFBBgRJuEgUsDCTUgs75oF/rgtIijq6xl4AfsttItARnaFDDPjnzMKaXO14idvc8hDvMRNTt799fDrihE3CkAXmxTxt2wSk6w6J/hTsWBTKucsN+95oxT0OIkEumdd11EvQzplBwCf28l2pIGO+wW6gbGbEQtJ8NLfbptiFN2oqVeRHSIf25kbFQ614YmMmQYVv/7g3gf716iq1j39hLUoSIjw61UkmN+0FetCkUcJQ9IxhXwvyV8jZTjKNJNW9CcH9b/iuqB0W3VCxdHRZOz8ZxzJNNskV2iEuOyCm5IGVSIZw8kCfyQl6tR+vZerM+RqM5a7yzQSbK+voGismkWg==</latexit>

B ! K(⇡) + inv, K ! ⇡ + inv, etc.


