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



Mass and spin as particle labels

Electron Photon Graviton
mass Me mass 0O mass 0
spin % helicity =1 helicity =2

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

from the representation theory of spacetime symmetries.
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What is a particle?

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

of the spacetime symmetry group
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What is a particle?

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

of the spacetime symmetry group
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What is a particle?

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

of the spacetime symmetry group

SYMMETRY QUANTUM STATE

)

Poincaré group (A,a) —s U(A, a)

ISO(3,1) ~ SO(3,1) x R>*

Wigner’s classification:

Poincaré UIRs are labelled by mass and spin.
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Gravity changes the story

Poincaré group BMS group

translations supertranslations METZNER  SACHS

momentum p“ supermomentum P

Particles = UIRs of Poincaré
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Gravity changes the story

Poincaré group BMS group

translations supertranslations

momentum p“ o supermomentum P
Particles = UIRs of Poincaré, labelled by: e UIR of BMS group = “BMS particle”
i m?SS \ What additional data labels a particle?
- spin
Goals of this talk
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Extending the notion of “particle”

[Deeply connected to the infrared problem ]

Amplitudes between conventional Fock states suffer from infrared divergences
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Amplitudes between conventional Fock states suffer from infrared divergences

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

— asymptotic states in the interacting theory # states of the free theory —
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by looking at “inclusive cross sections” > sum over all photons with energy smaller than the detector resolution
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Extending the notion of “particle”

[Deeply connected to the infrared problem ]

Amplitudes between conventional Fock states suffer from infrared divergences

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

— asymptotic states in the interacting theory # states of the free theory —

Usually, we deal with this problem

by looking at “inclusive cross sections” > sum over all photons with energy smaller than the detector resolution

Infrared-safe observables v [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! [Chung ‘65][Kibble ‘68] [Dollard ‘71][Kulish, Fadeev ‘70]
BUT new insights: representation theory of the asymptotic symmetries

BMS particles - Laura Donnay @
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Outline

= BMS symmetries

= BMS particles

— hard representations

— representations

" [nfrared physics from representation theory
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A surprise in asymptotically flat spacetimes

Minkowski metric (flat spacetime) in 4D

The geometry is described by the metric

ds? . = —dt? + dr? + r?(d6? + sin® dp?)
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A surprise in asymptotically flat spacetimes

Minkowski metric (flat spacetime) in 4D Asymptotically flat spacetime (as 7 — o0 )

The geometry is described by the metric

ds{%lat — —dt2 + dr2 + r2 (d92 + gin? 9dgb2) Curved §pa.1cetime that Iooksj fla-t seen from a far distance.
The deviation from flatness is dictated by the large r
behavior of the metric.

ds* = dsk,, + O(}
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A surprise in asymptotically flat spacetimes

Minkowski metric (flat spacetime) in 4D Asymptotically flat spacetime (as 7 — o0 )

The geometry is described by the metric

- 9 1 . .
ds{%lat — —dt2 + dr2 + r2 (d92 + sin Odng) Curved §pa.1cet|me that Iooksj fla-t seen from a far distance
The deviation from flatness is dictated by the large r
. behavior of the metric.
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These terms allow to include a huge set of interesting
systems.

Ex: Kerr black holes, gravitational wave emission from
black hole mergers, ...
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A surprise in asymptotically flat spacetimes

Asymptotically flat spacetime (as 7 — o0)

ds* = dsh, + O}

BONDI  METZNER SACHS

Back in the 1960s: debate about the
existence of gravitational waves!

BMS particles - Laura Donnay @



A surprise in asymptotically flat spacetimes

Asymptotically flat spacetime (as 7 — o0)

d82 — dsglat _|_ O(%)

& MRS |
=10 %

Back in the 1960s: debate about the
existence of gravitational waves!

BMS studied the symmetries preserving these
spacetimes and, to their biggest surprise, found

an infinite-dimensional group of symmetries!
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A surprise in asymptotically flat spacetimes

Asymptotically flat spacetime (as 7 — o0)

d82 — dsglat _|_ O(%)

Back in the 1960s: debate about the
existence of gravitational waves!

BMS studied the symmetries preserving these
spacetimes and, to their biggest surprise, found

an infinite-dimensional group of symmetries!

00 number of BMS
““supertranslations”’

u—u—+7T(0,0)
A

‘retarded’ time I
u=t%t—r arbitrary function

4 Poincaré translations =—»
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A surprise in asymptotically flat spacetimes

Asymptotically flat spacetime (as 7 — o0)

d82 — dsglat _|_ O(%)

Back in the 1960s: debate about the
existence of gravitational waves!

BMS studied the symmetries preserving these
spacetimes and, to their biggest surprise, found

an infinite-dimensional group of symmetries!

00 12
S _ o0 number of BMS T(6, ) = Z Z Tom Yo (6, 0).
4 Poincaré translations =—— “supertranslations” = =

u—u+T(0,0) (=0,1 C (=0,1,2,3,...

A N—— N ~ -

. I 4 ordinary translations infinitely many supertranslations
‘retarded’ time
u=t1t—r arbitrary function
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BMS group

= symmetry group of 4D asymptotically flat spacetimes
BMS, ~ SO(3,1) x &[1](S?)

supertranslations

T(z,Z2)
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BMS group

= symmetry group of 4D asymptotically flat spacetimes

A K
BMS, ~ SO(3,1) xi&[1](S?) |
Lorentz acts on the celestial sphere supertranslations
| T(z,2)
- S? > CU {0}
/ +0
as 2z — 2 = Z%—d SL(2,C)
ad —bc =1
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BMS group

= symmetry group of 4D asymptotically flat spacetimes

{z -------------- N
! 2\ i
BMS, ~ SO(3,1) x/&[1](S?) |
' ;
Lorentz acts on the celestial sphere supertranslations
T(z %)
S?~CU {0}
= weight-1 conformal
densities
b
as 2o = BT SL(2,C)
cz+d In CFT notation, it means
ad —bc =1 (h—'ah):(—%:—%)

[\

aZ, h 82, h, o
(&) (5) w0
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BMS group

= symmetry group of 4D asymptotically flat spacetimes

———————————————

supertranslations 7 (2, Z)

= The Poincaré group is included inside BMS:

ISO(3,1) ~SO(3,1) x R** < BMS,
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BMS group

= symmetry group of 4D asymptotically flat spacetimes

supertranslations 7 (2, Z)

= The Poincaré group is included inside BMS:

ISO(3,1) ~ SO(3,1) x R**

Usual translations are recovered from supertranslations via

du

R?”l

TH

(_>

—>

E]

T(Zv 2) — T”Qu(zv 5)
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A surprise in asymptotically flat spacetimes

BMS symmetries were originally disregarded...
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A surprise in asymptotically flat spacetimes

BMS symmetries were originally disregarded...

BONDI METZNER  SACHS

...but 50 years later physicists realized that they

have associated low-energy observables (gravitational wave memory effects)
[Strominger—Zhiboedov "14]

ANDREW STROMINGER
x1072! Total %1022 Disp. memory

0= - d
; : ; ; \nfrare
—0.10 —0.05 0.00 —0.1 —0.05 0.00 Lectures ON the :'\ty i
Time [s] structure of Gra
Gauge Theo\’y

[Goncharov, LD, Harms ‘23]
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A surprise in asymptotically flat spacetimes

BMS symmetries were originally disregarded...

BONDI  METZNER
...but 50 years later physicists realized that they

have associated low-energy observables (gravitational wave memory effects)
[Strominger—Zhiboedov "14]

%10-21 Total % 10~22 Disp. memory

O---. -
—0.10 —0.05 0.00 —0.1 —0.05 0.00
Time |s]

[Goncharov, LD, Harms ‘23]

=« are related to universal results in Quantum Field Theory

P
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Poincaré representations

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

1) Lorentz orbit
2) a little-group representation /helicity
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Poincaré representations

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

1) Lorentz orbit
2) a little-group representation /helicity

Lorentz orbit (mass-shell)

Choose a reference momentum k.
Its Lorentz orbit is

O, = {Ak | A € SO(3,1)) :%ﬁ’”
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Poincaré representations

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

1) Lorentz orbit
2) a little-group representation /helicity

pP=-m?<0
massive

Lorentz orbit (mass-shell)

Choose a reference momentum k.

o p’=0
Its Lorentz orbit is

massless

O = {Ak | A€ 50(3,1)} =220
50
Wigner’s classificai'f_ig_n____~ I e . 75 tachyonic
wewow ([ SU(2)!{1SO(2)! | SL(2,R)
wosar Oy |_H JRx 8% dSy )
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QU;EII;I]]%UM Poincaré BMS

(an, A%,) € R¥ % 50(3,1) (T(22), A1, ) € E[1](S?) % SO(3,1)

THEORY OF
FIELDS
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QU;EII;I]]%UM Poincaré BMS

THEORY OF

(an, A%,) € R¥ % 50(3,1) (T(22), A1, ) € E[1](S?) % SO(3,1)
1. Define momenta as dual to translations Define supermomenta as dual to supertranslations
o <p (p,a) = pua T(z2) & P(z,2) P.T) = [ @PT
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QUWUM Poincaré BMS

THEORY OF

(an, A%,) € R¥ % 50(3,1) (T(22), A1, ) € E[1](S?) % SO(3,1)
1. Define momenta as dual to translations Define supermomenta as dual to supertranslations
o <p (p,a) = pua T(z2) & P(z,2) P.T) = [ @PT

2. Classify the orbits of the Lorentz group Oy,

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

0, = {A € SO(3,1) | Ak = k}

0 | SU@2) ISO(2) SL(2,R)
Ok H3 RXSQ dS3
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QUWUM Poincaré BMS

THEORY OF

(an, A%,) € R¥ % 50(3,1) (T(22), A1, ) € E[1](S?) % SO(3,1)
1. Define momenta as dual to translations Define supermomenta as dual to supertranslations
a' < p, (p,a) := p,a" T(2,2) < P(z,2) (P, T) := /dzzPT
2. Classify the orbits of the Lorentz group Oy, Classify the orbits of the Lorentz group Ox
In practice, fix a reference momentum &, In practice, fix a reference supermomentum K(z, 2)
and find its stabilizer. and find its stabilizer.

lr ={A € SO(3,1) | Ak =k} e ={A€S0(3,1) | K-A=K)}

U, SU(Q) 150(2) SL(Q,IR) Task: find them all
Ok H3 R x SQ ng
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QUWUM Poincaré BMS

THEORY OF

(an, A%,) € R¥ % 50(3,1) (T(22), A1, ) € E[1](S?) % SO(3,1)
1. Define momenta as dual to translations Define supermomenta as dual to supertranslations
a' < p, (p,a) := p,a" T(2,2) < P(z,2) (P, T) := /dzzPT
2. Classify the orbits of the Lorentz group Oy, Classify the orbits of the Lorentz group Ox
In practice, fix a reference momentum &, In practice, fix a reference supermomentum K(z, 2)
and find its stabilizer. and find its stabilizer.

lr ={A € SO(3,1) | Ak =k} e ={A€S0(3,1) | K-A=K)}

lr, | SU2) ISO(2) SL(2,R) [McCarthy ‘70s] : there are 11 possible little groups

O, | H?> RxS? dSs Uic  with mass-shell of dimensions
Dim (Ok) € {0,3,4,5,6}
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QUEII\{I%UM Poincaré

(a”, A“,,) e R%! % SO(3,1)

THEORY OF

1. Define momenta as dual to translations

a" < py (p,a) := pua”

2. Classify the orbits of the Lorentz group Oy,

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

0, = {A € SO(3,1) | Ak = k}

0 | SU(2) ISO(2) SL(2,R)
Ok H3 RXSQ ng

3. Poincaré particle
= wavefunction with support on (g

+ spin (UIR of little group)

BMS
(T(2). A% ) € EN1](S?) % SO(3,1)

Define supermomenta as dual to supertranslations

T(z,2) < P(z,2) (P, T) = /d2z73fr

Classify the orbits of the Lorentz group Ox

In practice, fix a reference supermomentum K(z, 2)
and find its stabilizer.

le={Ae SOB,1)|K-A=K}
[McCarthy ‘70s] : there are 11 possible little groups

Uic  with mass-shell of dimensions

Dim (Ox) € {0,3,4,5,6)

BMS particle
= wavefunction with support on Ox

+ BMS spin (UIR of BMS little group)

BMS particles - Laura Donnay



. Poincaré Orbit | BMS little Extra d.o.f. BMS
little group (mass shell) : group (Fibre of BMS shell
| r ey g | _ ]
| l e lp shell) 72 dim.
- 1S0(2) =1, (e} = trivial 3
: : R? Sk 4
M 1 ' | 1 =
assless 150(2) R+ x §2 R S'x R 5
momentum | | U(1) R2 5
l - {e} = trivial 1SO(2)=5" x R? 6
: I 2) =/ '} = trivial
Massive | ‘% | SU(2) =4, {e} = trivia 3
. SU(2) H l U(1) Ch 5
momentum | L
| ' {e} = trivial SU(2)=5* 6

[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]



BMS UIR



Hard BMS UIRs

Among BMS representations, the ‘ " 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

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

d’ Y A ] N
o(x) = [ Gy [P + b e ] b, b")1] = (2m)* 20 54 5 - )
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Hard BMS UIRs

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

d3p 7 (=N 1D 1 (AT —ip-
O(X) = / a2 [’)(p)e” +b(p)Te ™ X}

Poincaré generators:

3 3
Poincaré algebra:
PP =0
:juv’ pp} _ in”pp“’ _ muppv
:juv’ jpa] _ ‘(noujw) _ npujw 4+ anjuJ _ ntﬂ/jup)

BMS particles - Laura Donnay

(

9,
)
P dp.




Hard BMS UIRs

Each momentum can be associated to a hard supermomentum via Bekaert — LD — Herfray

Pt = /d2zP(z,z)q“(z,z) ¢"(z,2) = 1+ |2*, 2 + 2, —i(z — 2),1 = |2?)
w5(2)(z_<-) lf p2 :Oa p,u, :wQM(Cag)a
P(z,z) = 4
(2,2) _ m if p2 < 0.

21 (q(z, 2) - p)3
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Hard BMS UIRs

Each momentum can be associated to a hard supermomentum via Bekaert — LD — Herfray

pr = /d22 P(z,2)q"(z, 2) ¢"(2,2) = (1+ |2]*, 2+ 2, —i(z — 2),1 — |2]*)
w5(2)(2 —0) if p? =0, = wqﬂ(g,ﬁ),
P(z,z) = 4
2270 - if p? < 0.

. d3 . .
Hard supermomentum operator: P(z,Zz) = / (2w)3p2p0 P(z, %) Al (p)b(p)

closes (with Lorentz) the algebra:
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Hard BMS UIRs

Each momentum can be associated to a hard supermomentum via Bekaert — LD — Herfray

pt = /dZZP(Z,E)q”(z,E) ¢"(z,2) = (

w5(2)(z—C) lfp2 :07 Pu :wQM(CaC)a
P(z,z) = m?
_ if p*> < 0.
21 (q(z, %) - p)3 P

/—I—/ —i(z —Z),1 — |Z\2)

A d3 n A
Hard supermomentum operator:  P(z, %) = / 2m)? p2p P(z,2) b (p)b(p)

closes (with Lorentz) the algebra:
BMS

[ls(z, z), P(w, w)| =0 A

:j"”", P(z, z)| = z( 20 +V2,0:+ 5 (0.5, + 0: y;,,)) P(z,2)
K:jy,yj jpo} _ Z( o,ujyp pujva + npyjp,a - nauj,up) j

algebra
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summary.
each familiar Poincaré particle can be lifted to a hard BMS UIR of supermomentum

(WD (z— ) if p° =0, pu = wqu(¢,C),
P(z,z) = < m?
_ if p> < 0.
\ 2T (C_I(Z,Z) .p)g P

However:
hard particles are not enough

BMS particles - Laura Donnay



Supermomentum conservation

IR divergences = failure of conventional states to conserve supermomentum
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Supermomentum conservation

IR divergences = failure of conventional states to conserve supermomentum

P{lard 'Pglard

ZPQL 0 Zpihard — 83(923(2, Z) ?é 0 >(
i 7 Pphard phard
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Supermomentum conservation

IR divergences = failure of conventional states to conserve supermomentum

P{lard 'Pglard

Zp? 0 Zpihard — 83823(2,2) ?é 0 >(
) () P}fard

1 P;lard
[S(z, ?) =5 Y (pi-q(z.2) Inlp; - (=, Z)]

1

obstruction to supermomentum conservation
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Supermomentum conservation

= IR divergences = failure of conventional states to conserve supermomentum

P{lard 'Pglard
hard 202 =
ZP?ZO — Zpi = 0,0:5(2, %) #+ 0
i 7 1 Pphard phard
Sz,2) = o ;(pi +q(z,2))In|p; - (2, 2)
obstruction to supermomentum conservation
= This is the content of Weinberg’s soft graviton theorem | [Weinberg ‘65]
: et pi)? (" i) ;
lim w (out|aS"*(w, z,2)S|in) = & (e p)” ~——=2 | (out|Slin
lim w {out]as; Z o Z | {outlSlin)

VOLUME 140, NUMBER 28 25 OCTOBE |
2 “R 1965

Infrared Photons and Gravitons*

Desar STEVEN WEmWBERG}H
pariment of Physics, University of California, Berkeley, California
(Received 1 June 1965)

\;
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Supermomentum conservation

= IR divergences = failure of conventional states to conserve supermomentum

P{lard 'Pglard
hard 2 02 =
Sot=0 — Y P=020i8(z2) # 0
i 7 1 Pphard phard
Sz,2) = o ;(pi +q(z,2))In|p; - (2, 2)
obstruction to supermomentum conservation
= This is the content of Weinberg’s soft graviton theorem | [Weinberg ‘65]
. + . p)2 + . p.)2 R
lim w (out|a$™ (w, z, 2) S)in) = & Z Eop) Z (" -p)” (out|S|in)
w0 iem 1P icout 1P
VOLUME 140, NUMBER 23 25 OCTOBER 1965 _I — 27-[-838(Z7 2)

Infrared Photons and Gravitons*

Desar STEVEN WEmWBERG}H
pariment of Physics, University of California, Berkeley, California
(Received 1 June 1965)

\:

BMS particles - Laura Donnay D)



Supermomentum conservation

= IR divergences = failure of conventional states to conserve supermomentum
hard

P P
S0 YRS O o
? i phard

1 P;lard ;
[S(z, ?) =5 Y (pi-q(z.2) Inlp; - (=, Z)]

1

obstruction to supermomentum conservation

= This is the content of Weinberg’s ! [Weinberg ‘65]
i + )2 +o2 )
lim w (out|a$™ (w, z, 2) S)in) = & Z Eop) Z (" -p)” (out|S|in)
w0 iem 1P icout 17 Pi

= 2m028(2, %)

—> Wwe need to include generic UIRs in the Hilbert space
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BMS wavefunctions [Bekaert, LD, Herfray ’24]

= Generic representations will have a generic supermomentum 77(27 2)
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BMS wavefunctions [Bekaert, LD, Herfray ’24]

= Generic representations will have a generic supermomentum 77(27 2)

) = /O du(p) ¥ (p) p) ) = /@ du(P)‘P(P)\;’)

eigenstate of the supermomentum

operator 75|7)> — 7)‘7)>

p
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BMS wavefunctions [Bekaert, LD, Herfray ’24]

= Generic representations will have a generic supermomentum 77(27 2)

) = /O du(p) ¥ (p) p) ) = /O du(P) U(P)|P)

p

- Key result

P(2,2) = 0;0:4 |+ P(2,2)
? Hard part { wé(z)(z—fj) if p? =0,

7) € : P(z,z) = 4
‘ q p3.1  extra IR degrees :
Az,2) € )/ of freedom

m if p> < 0.

2m (q(z, 2) - p)3
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BMS wavefunctions [Bekaert, LD, Herfray ’24]

Generic representations will have a generic supermomentum P(Z, 2)

) = /O du(p) ¥ (p) p) ) = /O du(P) U(P)|P)

p

Key result
_ 2 9 _
P(z,2) =020: 4 + P(z, %)
A Hard part
- 3,1 extra IR degrees
A(2,2) € £[1]/R of freedom This decomposition is unique and Lorentz invariant.
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BMS wavefunctions [Bekaert, LD, Herfray ’24]

= Generic representations will have a generic supermomentum P(Z, 2)

\M:mewwm ww%}mmmmw

p

- Key result

BMS state:

P(z,7) = Q202N +P(2,2) — |[P)=Ip.d"s)

extra label
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In QED [LD, Herfray '26]

The same representation-theoretic structure appears in

SO(3,1) x (R*! x C>(5%))

T = (T“,s(z,z))

infinite-dimensional U(1) transformations
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In

QED

[LD, Herfray '26]

The same representation-theoretic structure appears in

SO(3,1) x

\_

-
- | QED supermomentum

~N

P(sz) — (plu Q(Zv'g))

J

e (R¥)* x £[-2]

(R¥! % C(52))

T = (T",e(z,2))

infinite-dimensional U(1) transformations

pairing: (P, T) :=p,T" + /dQZ A(z,2)e(z, 2)
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In QED [LD, Herfray '26]

The same representation-theoretic structure appears in

SO(3,1) x (R*! x C>(5%))

T = (T",e(z,2))
4 )
- | QED supermomentum infinite-dimensional U(1) transformations
P(Z, Z) — (p;u Q(Z, 2))

, / pairing: (P, T) :=p,T" + fdzz QA(z,2)e(z, 2)
c (R¥M)* x &[-2]

\_

= Lorentz-invariant decomposition

P(z,Z) = (pM,Q(Z,Z)) + (Ou,azazN(Zai)) N(z,2) € &[0
hard part

BMS particles - Laura Donnay



Infrared physics from



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

BMS particles - Laura Donnay



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

IR divergences = failure of conventional states to conserve supermomentum

- Weinberg soft factor is precisely the obstruction of supermomentum conservation

E:pz z,Z)In|p; - q(z, 2)|
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A new light on infrared divergences (in QED and gravity)

= IR divergences = failure of conventional states to conserve supermomentum
- Weinberg soft factor is precisely the obstruction of supermomentum conservation

Zp% z,Z)In|p; - q(z, 2)|

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

—-W
A = € AIR-ﬁnite

1+68%  [1. (148
W——log( )5 1T Mg BJ [_1 (1—1—?3)_7:71-67}@%]
©]

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

= IR divergences = failure of conventional states to conserve supermomentum
- Weinberg soft factor is precisely the obstruction of supermomentum conservation

Zp% z,Z)In|p; - q(z, 2)|

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

A = B_WAIR-ﬁnite W~ HSH

- Dressed states (" 'coherent states’”’, “"attaching soft clouds”’, etc.)
[Chung ‘65][Kibble ‘68] [Dollard ‘71][Kulish, Fadeev ‘70]

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

see [LD, Herfray ‘26] for more detail
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Conclusion

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

BMS particle = UIR of the asymptotic symmetry group
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to account for long range (infrared) effects:

Poincaré particle = UIR of the Poincaré group

BMS particle = UIR of the asymptotic symmetry group

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

A scattering of hard states does no satisfy supermomentum conservation IR divergences
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Conclusion

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

BMS particle = UIR of the asymptotic symmetry group

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

A scattering of hard states does no satisfy supermomentum conservation IR divergences

Generic BMS particles carry extra degrees of freedom.
2
P) = p,0"N)
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Conclusion

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

BMS particle = UIR of the asymptotic symmetry group

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

A scattering of hard states does no satisfy supermomentum conservation IR divergences

Generic BMS particles carry extra degrees of freedom.

Towards a fully BMS-invariant (infrared safe) extension of QFT?

THE
QUANTUM

THEORY OF P) = |p, 0* N
FIELDS P =1 )

STEVEN WEINBERG
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Conclusion

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

BMS particle = UIR of the asymptotic symmetry group

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

A scattering of hard states does no satisfy supermomentum conservation IR divergences

Generic BMS particles carry extra degrees of freedom.

Towards a fully BMS-invariant (infrared safe) extension of QFT?

THE
QUANTUM

2
THEORPF P) = |p, 0°N) Many things left to be done!

STEVEN WEINBERG

BMS particles - Laura Donnay @



Conclusion

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

BMS particle = UIR of the asymptotic symmetry group

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

A scattering of hard states does no satisfy supermomentum conservation IR divergences

Generic BMS particles carry extra degrees of freedom.

Towards a fully BMS-invariant (infrared safe) extension of QFT?

THE
QUANTUM

2
THEORPF P) = |p, 0°N) Many things left to be done!
Thank you!

STEVEN WEINBERG

BMS particles - Laura Donnay @
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