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Roadmap

1

QCD detectors

EEC as precise, 
measurable  
event shape 

Classical Gravity

one-point fluxes 
encode radiative 

observables

2

Quantum Gravity

EEC & asymptotic  
operator data

3

Celestial OPE

boost sectors, blocks, 
Lorentzian inversion

4
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Motivation - Exclusive Scattering
-  enormous understanding of exclusive scattering processes: 

analytic structure, multi-loop pert. theory, amplituhedron, S-matrix bootstrap

Ability to accurately describe complicated SM scattering processes
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Motivation - Why Asymptotic Detectors?

-  high multiplicity final states           

Common theme: characterize a theory using asymptotic fluxes.

Particle Colliders

-  event shapes measure geometric 
properties of e.g. energy-momentum 
flow in collisions      

-  Subtlety with local bulk observables          

Gravity

-  Radiation and charges defined at 
asymptotic boundary       

-  Radiation and charges defined at 
asymptotic boundary       
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Motivation - Energy Correlators [Basham, Brown, Ellis, Love: 1978] 

[Sterman:1975] 

ℰ( ⃗n ) = ∫
∞

0
dt lim

r→∞
r2 ni T0,i(t, r ⃗n )

QFT operator definition of a calorimeter cell
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Motivation - Energy Correlators: Beyond QCD
- Energy correlators: interesting observables for characterizing generic QFTs.

… AND experimentally measurable

Amplitudes Energy Correlators Correlation Functions
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Motivation - Beyond Energy Correlators

Gravity
Colliders

[EH, Parra-Martinez, Ruf, Zeng] 
[EH, Kologlu, Moult] EH, Kologlu, Moult, Yan]

[Sterman] [Basham,Brown,Ellis,Love] 
[Dixon, Moult, Zhu, …]  […]
[EH, Kang, Penttala, Zhang]

Formal Theory
[Hofman, Maldacena] 
[Korchemsky, Sterman] 
[Caron-Huot, Kologlu, Kravchuk, 
Meltzer,Simmons-Duffin]
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(1) Event shapes in QFT
- Energy Correlators in  Colliders (conceptually simpler)e+e−
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(1) Event shapes in QFT - EEC in e+e−

- energy correlator in initial state produced by local operator 𝒪

Physically realizable in  collisionse+e−

- remarkably rich observable, sensitive to dynamics of theory

- perturbative results in QCD @ NLO (analytically), NNLO numerically
[LO: Basham, Ellis, Brown, Love] [NLO: Dixon, Lou, Shtabovenko, Yang, Zhu]  [NNLO numeric: Del Duca, Duhr, Kardos, Somogyi, Trocsanyi]

⟨0 |𝒪† ℰ( ⃗n1)ℰ( ⃗n2) 𝒪 |0⟩ ↔
dΣ

d cos θ
= ∑

i, j
∫

EiEj

Q2
δ( ⃗n1 ⋅ ⃗n2 − cos θ) dσ
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[EH, Kang.  
  Penttala, Zhang]

[Lee, Stewart][…]
[Dixon, Moult, Zhu]
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(1) Event shapes in QFT - EEC in e+e−

- QCD (asymptotically free, confining gauge theory)
Image credit: [Bossi et al. 2511.00149] 

Want Precision Theory Predictions for EEC event shape!

Why now?
- Experimental advances  

in unfolding
- Commensurate theory  

advances
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(1) Event shapes in QFT - OPE limit
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(1) Event shapes in QFT - OPE limit
- Euclidean scaling behavior is well understood in QFT

Superfluid He transition

𝒪(x)𝒪(0) = ∑ xγi ci 𝒪i
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(1) Event shapes in QFT - OPE limit

Light-Ray OPE is Lorentzian version 

- Formalization of “detector operators” in QFT [Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin]

ℰ( ⃗n ) = ∫
∞

0
dt lim

r→∞
r2 ni T0,i(t, r ⃗n )
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(1) Event shapes in QFT - QFT detectors
Algebra of detectors

- “human made observables” expressed in terms of detector correlates

- commutators & OPE

Can directly measure them

new detectors
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(1) Event shapes in QFT - Scaling at the LHC

- Scaling inside jets measured by STAR, ALICE, CMS

Experimental realization of detector OPE

- Related measurements  
allow precision extraction of αs

ℰ( ⃗n1)ℰ( ⃗n2) ∼∑
i

θ−2+γi 𝒪i

[Hofman, Maldacena]

[STAR collaboration @ RHIC: 2502.15925]

[CMS: 2402.13864]

[ALICE: 2409.12687]
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From QCD to Gravity

⇒
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 (2) Event shapes in Gravity
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 (2) Event shapes in Gravity

[Caron-Huot, Kologlu,Kravchuk,Meltzer,Simmons-Duffin]

QFT

Quantum gravity

Only asymptotic observables in quantum gravity

[EH, Kologlu, Moult: arXiv:2412.05384 + WIP]
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 (2) Event shapes in Gravity

[Caron-Huot, Kologlu,Kravchuk,Meltzer,Simmons-Duffin]

QFT

[EH, Kologlu, Moult: arXiv:2412.05384 + WIP]
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 (2) Event shapes in Gravity [EH, Kologlu, Moult: arXiv:2412.05384 + WIP]

Motivation

- precision calculation of classical  
GW observables

- What is the set of asymptotic  
observables in Quantum Gravity?



Mani L. Bhaumik Institute for Theoretical Physics Event shapes in QFT and gravity 21

(2) Event shapes in classical Gravity

Scattering amplitudes enter through S= 1 + i ℳ

observable
𝒪 ↔ 𝕆

quantum operator

Δ𝒪 = ⟨out |𝕆 |out⟩ − ⟨in |𝕆 | in⟩ |out⟩ = S | in⟩
S-matrix

Start from quantum theory …
 [Kovacs, Thorne 1978]
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… and take classical limit

radiated momentum ΔRμ

ℏ → 0

classical limit
λc ≪ b

ΔRμ ΔRμ

  Observe e.g.:         deflection  Δpμ
i

Δpμ
1

[Kosower, Maybee, O’Connell] 

Black Holes effectively modeled by field theory of point particles
waveform hμν

(2) Event shapes in classical Gravity



Mani L. Bhaumik Institute for Theoretical Physics Event shapes in QFT and gravity 23

example: radiated momentum  & total energy lossΔRμ

ΔRμ

ΔRμ = ∫ dΩ

Harness progress in collider calculations for gravitational waves

𝔼1 = ∫ dΩ E

on-shell scattering amplitudes

Gravity:

Collider:( )

(2) Event shapes in classical Gravity
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example: waveform

(2) Event shapes in classical Gravity

⟨LIGO detector⟩ ∼ gravitational waveform ∼ ⟨∫ dαeiωαh+,×⟩
Object of interest for gravitational wave astronomy

c.f. “lost collider time” 
[Korchemsky, Sokatchev, Zhiboedov]

[Bini, Damour, Geralico]
[De Angelis, Herderschee, Roiban, Teng]
[Georgoudis, Heissenberg, Russo]
[Cristofoli, Gonzo, Kosower, O’Connell]
[Jakobsen, Mogull, Plefka, Steinhoff]
[Shen]
[Buonanno et al.]
[ ]⋯
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From Classical to Quantum Gravity

Classical Physics  No uncertainty ↔ ⟨𝒪1𝒪2⟩ = ⟨𝒪1⟩⟨𝒪2⟩ + 𝒪(ℏ)

In the classical limit, multi-point correlators factorize

 [Cristofoli, Gonzo, Moynihan, O’Connell, Ross, Sergola, White; Gonzo Pokraka]

(2) Event shapes in classical Gravity
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today: focus on energy correlators ℰ(z) ∼ ∫ dt lim
r→∞

rd−2 ̂niT0i(t, r ̂n)

energy-flow operator (ANEC)𝔼n = ⟨ψ |ℰ(z1)⋯ℰ(zn) |ψ⟩

on-shell (amplitudes) perspective

ℰ(z) |q1, …, qm⟩ =
m

∑
i=1

Ei δd−2(Ω ̂qi
− Ω ̂n) |q1, …, qm⟩

 (3) Event shapes in quantum Gravity [EH, Kologlu, Moult: arXiv:2412.05384  
[EH, Kologlu, Moult, Yan:  WIP]SUGRA

“Data Driven” approach: compute EEC and study properties

zi = ( 1
n̂i)
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- Simplest setup: state generated by annihilation of massive scalars

Leading finite angle contribution

 (3) Event shapes in quantum Gravity

𝔼2 = ⟨Φ(p1)Φ(p2) |ℰ(z1)ℰ(z2) |Φ(p1)Φ(p2)⟩
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Hidden structures in Quantum Amplitudes
e.g. BCJ double-copy

[Bern, Carrasco, Johansson] 

Gravity = (Yang-Mills)2

 (3) Event shapes in quantum Gravity
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∝ ∫
1

0
dαα2(1 − α)2(1 − αζ )−3 ℳtree

2→3 ( pi

s
;

q*i
s )

2

ζ =
1
2

(z1 ⋅ z2)(P ⋅ P)
(z1 ⋅ P)(z2 ⋅ P)

χa =
−Q ⋅ za

P ⋅ za

P = p1 + p2 Q = p1 − p2

 (3) Event shapes in quantum Gravity
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=

χa =
−Q ⋅ za

P ⋅ za
ζ =

1
2

(z1 ⋅ z2)(P ⋅ P)
(z1 ⋅ P)(z2 ⋅ P)

 (3) Event shapes in quantum Gravity
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[COM coordinates]

finite in collinear limit

back-to-back  
soft singularity

𝔼2(θ → π) ∼
#

(θ − π)2

[x2 =
−Q2

P2 =
s − 4m2

s ]

 (3) Event shapes in quantum Gravity
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Diagonalizing boosts [see also Chen, Ruan, Zhu] 

- For  (massless initial state particles), close to conformal correlators on p2
i = 0 S2

𝔼n = ⟨p1, p2 |ℰ(z1)⋯ℰ(zn) |p1, p2⟩

- Homogeneous in  with celestial scaling dim. za δa = − JLa

- Overall scaling in  fixed by total energy dimension pi ∼ λ pi ΔE

Relative boost          not fixed!p1 ∼ λ
1
2 p1 , p2 ∼ λ− 1

2 p2
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Mellin transform in the relative boost
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Celestial conformal correlators

RHS are conformal structures p1 = ω1 z0 , p2 = ω2z0̄
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Celestial conformal correlators and the OPE

Expand in conformal partial waves as consequence of Lorentz symmetry
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Collider Cross Ratios

Mellin transform in Mellin transform in γ ∼ W
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
EEC in  Supergravity𝒩 = 8
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Mellin transform
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Detector OPE in gravity
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[EH, Kologlu, Moult, Yan]  (4) Celestial OPE 
Detector OPE in gravity from Lorentzian Inversion Formula [Caron-Huot] 
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 (4) Celestial OPE 

What is the celestial OPE good for?

Simplify computations using conformal symmetry

Expose universal kinematic structures based on symmetry alone (conformal blocks)
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Completing the circle

Gravity
Colliders

[EH, Parra-Martinez, Ruf, Zeng] 
[EH, Kologlu, Moult] EH, Kologlu, Moult, Yan]

[Sterman] [Basham,Brown,Ellis,Love] 
[Dixon, Moult, Zhu, …]  […]
[EH, Kang, Penttala, Zhang]

Formal Theory
[Hofman, Maldacena] 
[Korchemsky, Sterman] 
[Caron-Huot, Kologlu, Kravchuk, 
Meltzer,Simmons-Duffin]
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Future 
Directions
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(5) Future directions - Colliders

- Bridge theory and experiment across collider systems - QCD precision studies
- Hadronization

- Nuclear Physics - Quark Gluon Plasma



Mani L. Bhaumik Institute for Theoretical Physics Event shapes in QFT and gravity 45

(5) Future directions - Quantum Gravity

- full spectrum of asymptotic observables in gravity?

- more general detectors and their renormalization

- correlations in Hawking radiation processes?

- Improved understanding of asymptotic symmetries 
(BMS) and organization of detectors in representations?

- beyond S-matrices, new flagship observables in gravity?

- unified description of scattering states and detectors?
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Thank you!


