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Infrared effects in QED and gravity call for an extended notion of particle.



Mass and spin as particle labels

Electron Photon Graviton

mass  mₑ
spin  ½

mass  0
helicity  ±1

mass  0
helicity  ±2

The familiar notions of mass and spin/helicity arise as labels

from the representation theory of spacetime symmetries. 
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4 spacetime 
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Wigner (1939)
A particle = a unitary irreducible representation (UIR) 

of the spacetime symmetry group

SYMMETRY

Poincaré group

QUANTUM STATE

Irreducible
one particle species

Unitary
probabilities are preserved

Representation
symmetry acts on states

e.g. translations act as 



What is a particle?
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Wigner (1939)
A particle = a unitary irreducible representation (UIR) 

of the spacetime symmetry group

SYMMETRY

Poincaré group

QUANTUM STATE

Wigner’s classification:

Poincaré UIRs are labelled by mass and spin.
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Special relativity General relativity

Poincaré group BMS group

Particles = UIRs of Poincaré, labelled by:
   - mass
   - spin

momentum 

translations supertranslations

supermomentum 

What additional data labels a particle?

UIR of BMS group = “BMS particle”
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Goals of this talk
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sum over all photons with energy smaller than the detector resolution
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Deeply connected to the infrared problem

In QED and gravity, scattering inevitably produces arbitrarily soft photons or gravitons.

Amplitudes between conventional Fock states suffer from infrared divergences

─   asymptotic states in the interacting theory   ≠    states of the free theory    ─ 

Usually, we deal with this problem

by looking at “inclusive cross sections”   ⸧ 

Infrared-safe observables 

sum over all photons with energy smaller than the detector resolution

✓ [Bloch, Nordsieck ‘37][Yennie et al. ‘61][Weinberg ‘65]

However, 

a well-defined S-matrix calls for more: a proper identification of asymptotic states

Note: not a new idea!

BUT new insights: representation theory of the asymptotic symmetries

[Chung ‘65][Kibble ‘68] [Dollard ‘71][Kulish, Fadeev ‘70]

 





Outline

▪ BMS symmetries

▪ BMS particles

─ hard representations

─ generic representations

▪ Outlook

▪ Infrared physics from representation theory
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Minkowski metric (flat spacetime) in 4D

A surprise in asymptotically flat spacetimes

The geometry is described by the metric

BMS particles - Laura Donnay



Asymptotically flat spacetime (as                 )
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The deviation from flatness is dictated by the large r 
behavior of the metric.
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Asymptotically flat spacetime (as                 )

Curved spacetime that looks flat seen from a far distance. 
The deviation from flatness is dictated by the large r 
behavior of the metric.

Minkowski metric (flat spacetime) in 4D

These terms allow to include a huge set of interesting 
systems.

Ex: Kerr black holes, gravitational wave emission from 
black hole mergers, …

A surprise in asymptotically flat spacetimes

The geometry is described by the metric
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= symmetry group of 4D asymptotically flat spacetimes
 

= weight-1 conformal
densities

supertranslations 

as
In CFT notation, it means

BMS particles - Laura Donnay



BMS group

Laura Donnay

The Poincaré group is included inside BMS:                                                  ▪  

BMS particles - Laura Donnay

= symmetry group of 4D asymptotically flat spacetimes
 

supertranslations 



BMS group

Laura Donnay

The Poincaré group is included inside BMS:                                                  ▪  

Usual translations are recovered from supertranslations via

BMS particles - Laura Donnay

= symmetry group of 4D asymptotically flat spacetimes
 

supertranslations 
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…but 50 years later physicists realized that they

have associated low-energy observables (gravitational wave memory effects)

[Goncharov, LD, Harms ‘23]

[Strominger–Zhiboedov ’14]
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BMS symmetries were originally disregarded…

…but 50 years later physicists realized that they

have associated low-energy observables (gravitational wave memory effects)

are related to universal results in Quantum Field Theory

[Goncharov, LD, Harms ‘23]

[Strominger–Zhiboedov ’14]



BMS particles



Induced representations : a systematic way to construct all one-particle Poincaré UIRs from

1) Lorentz orbit           mass 
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Induced representations : a systematic way to construct all one-particle Poincaré UIRs from

1) Lorentz orbit           mass 

         2) a little-group representation             spin/helicity 

Lorentz orbit (mass-shell)

Choose a reference momentum      .
Its Lorentz orbit is

Poincaré representations

Wigner’s classification

little group

mass-shell
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e.g                                             preserved by                                                               
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BMS particles - Laura Donnay



1. 

Poincaré BMS

Define momenta as dual to translations supermomenta as dual to supertranslationsDefine

BMS particles - Laura Donnay



1. 

Poincaré BMS

Define momenta as dual to translations supermomenta as dual to supertranslationsDefine

2.  Classify the orbits of the Lorentz group

In practice, fix a reference momentum       
and find its stabilizer.

BMS particles - Laura Donnay



1. 

Poincaré BMS

Define momenta as dual to translations supermomenta as dual to supertranslationsDefine

2.  Classify the orbits of the Lorentz group

In practice, fix a reference momentum       
and find its stabilizer.

Classify the orbits of the Lorentz group

In practice, fix a reference supermomentum    
and find its stabilizer.

BMS particles - Laura Donnay

Task: find them all



1. 

Poincaré BMS

Define momenta as dual to translations supermomenta as dual to supertranslationsDefine

2.  Classify the orbits of the Lorentz group

In practice, fix a reference momentum       
and find its stabilizer.

Classify the orbits of the Lorentz group

In practice, fix a reference supermomentum    
and find its stabilizer.

[McCarthy ‘70s] : there are 11 possible little groups

with mass-shell of dimensions

BMS particles - Laura Donnay



Classify the orbits of the Lorentz group

1. 

Poincaré BMS

Define momenta as dual to translations supermomenta as dual to supertranslationsDefine

In practice, fix a reference momentum       
and find its stabilizer.

In practice, fix a reference supermomentum    
and find its stabilizer.

[McCarthy ‘70s] : there are 11 possible little groups

with mass-shell of dimensions

3. Poincaré particle 
= wavefunction with support on

+ spin (UIR of little group)

BMS particle
= wavefunction with support on

+ BMS spin (UIR of BMS little group)

2.  Classify the orbits of the Lorentz group

BMS particles - Laura Donnay



[LD, Herfray ‘26]
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Questions we would like to answer: 

What does a generic BMS particle look like?

• How does it differ from an ordinary Poincaré particle? 

• What are the additional infrared degrees of freedom?

Link with infrared physics?

[LD, Herfray ‘26] [Bekaert, Herfray ‘25] [Bekaert, LD, Herfray ‘24] 
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Hard BMS UIRs

Among BMS representations, the ‘hard’ BMS UIRs play a privileged role: 
they are the ones that are 1:1 with the familiar Poincaré UIRs.
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Hard BMS UIRs

Poincaré generators:

 

Poincaré algebra:

 

Among BMS representations, the ‘hard’ BMS UIRs play a privileged role: 
they are the ones that are 1:1 with the familiar Poincaré UIRs.
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Hard BMS UIRs
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Hard BMS UIRs

Hard supermomentum operator:

 
closes (with Lorentz) the algebra:

 

Each momentum can be associated to a hard supermomentum via

 BMS
algebra

Bekaert ─ LD ─ Herfray 
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summary:
each familiar Poincaré particle can be lifted to a hard BMS UIR of supermomentum

However: 
hard particles are not enough

BMS particles - Laura Donnay
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Supermomentum conservation

IR divergences = failure of conventional states to conserve supermomentum▪  

This is the content of Weinberg’s soft graviton theorem !
      

[Weinberg ‘65]

 

obstruction to supermomentum conservation

▪  

we need to include generic UIRs in the Hilbert space

BMS particles - Laura Donnay
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BMS wavefunctions

▪  Generic representations will have a generic supermomentum 

[Bekaert, LD, Herfray ’24]
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BMS wavefunctions

eigenstate of the supermomentum 
operator

▪  Generic representations will have a generic supermomentum 

Usual wavefunctions BMS wavefunctions

[Bekaert, LD, Herfray ’24]
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BMS wavefunctions

▪  Generic representations will have a generic supermomentum 

Usual wavefunctions BMS wavefunctions

▪  Key result Soft part

extra IR degrees
of freedom

Hard part

[Bekaert, LD, Herfray ’24]
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BMS wavefunctions

▪  Generic representations will have a generic supermomentum 

Usual wavefunctions BMS wavefunctions

▪  Key result Soft part

extra IR degrees
of freedom

Hard part

[Bekaert, LD, Herfray ’24]
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BMS wavefunctions

▪  Generic representations will have a generic supermomentum 

Usual wavefunctions BMS wavefunctions

▪  Key result

extra label

[Bekaert, LD, Herfray ’24]
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BMS state:



In QED

The same representation-theoretic structure appears in QED:

infinite-dimensional U(1) transformations

[LD, Herfray ’26]
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In QED

▪  

The same representation-theoretic structure appears in QED:

QED supermomentum infinite-dimensional U(1) transformations

pairing:

[LD, Herfray ’26]
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In QED

▪  

The same representation-theoretic structure appears in QED:

QED supermomentum infinite-dimensional U(1) transformations

pairing:

▪  Lorentz-invariant decomposition

hard part soft part

[LD, Herfray ’26]
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Infrared physics from 
representation theory



A new light on infrared divergences (in QED and gravity)
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Dressed states (``coherent states’’, ``attaching soft clouds’’, etc.)▪  

A new light on infrared divergences (in QED and gravity)

[Chung ‘65][Kibble ‘68] [Dollard ‘71][Kulish, Fadeev ‘70]

 

IR divergences = failure of conventional states to conserve supermomentum▪  

- Weinberg soft factor is precisely the obstruction of supermomentum conservation
      

- Exponentiation formula for virtual divergences (one-loop exact) 
      

dressed state construction ≈ shoehorn BMS states into the conventional QFT language.

see [LD, Herfray ‘26] for more detail
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We have argued for the need for a new notion of particle 
to account for long range (infrared) effects:

Poincaré particle = UIR of the Poincaré group

Conclusion

▪  

BMS particle = UIR of the asymptotic symmetry group 
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A scattering of hard states does no satisfy supermomentum conservation 

We have argued for the need for a new notion of particle 
to account for long range (infrared) effects:

Poincaré particle = UIR of the Poincaré group

Conclusion

▪  

BMS particle = UIR of the asymptotic symmetry group 

Among BMS particles, usual QFT asymptotic states are the very special “hard” UIRs :

IR divergences

▪  

▪  Generic BMS particles carry extra degrees of freedom. 
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Towards a fully BMS-invariant (infrared safe) extension of QFT?

Many things left to be done!

Thank you!
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