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BSM

higher energies…
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ultimately
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1. Theory
[What is the space of consistent theories?]
[What is possible in the UV? How does it manifest in the IR?]
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1. Theory
[What is the space of consistent theories?]
[What is possible in the UV? How does it manifest in the IR?]

2. Detector

[Nonperturbative methods for real-time dynamics]
[What is the space of observables?]
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1. Theory
[What is the space of consistent theories?]
[What is possible in the UV? How does it manifest in the IR?]

2. Detector

[Nonperturbative methods for real-time dynamics]
[What is the space of observables?]

3.   Source
[What is the space of states?]
[Chaos, entanglement, and geometry]



Collider experiment in QFT

(event shapes)
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Collider experiment in QFT

(event shapes)
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(detector operators)
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[non-local in time]

(local operators)
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v = 0

Local operators:  
measurements that can be done 
at a point. 

Detector operators: 
measurements that can be done 
on a null line. 



Energy calorimeter (the ANEC operator)

Consider a unitary QFT. The energy-momentum conservation takes the form

@µT
µ⌫ = 0

<latexit sha1_base64="rDJJizxXh7rCVDuF7zAGQKAgBVM=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUlBggWpgoWxSH1JTYgc12mt2k5kO0hV1IWFX2FhACFW/oGNv8FpM0DLkSwfnXOv7r0nTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOObnK/80CkorFo6nFCfI4GgkYUI22kwD7yEiQ1RSzweAqb91n+eSKdwCvoBHbFqTpTwEXiFqQCCjQC+8vrxzjlRGjMkFI910m0n+UTMCOTspcqkiA8QgPSM1QgTpSfTa+YwBOj9GEUS/OEhlP1d0eGuFJjHppKjvRQzXu5+J/XS3V06WdUJKkmAs8GRSmDOoZ5JLBPJcGajQ1BWFKzK8RDJBHWJriyCcGdP3mRtGtV96xauzuv1K+LOErgEByDU+CCC1AHt6ABWgCDR/AMXsGb9WS9WO/Wx6x0ySp6DsAfWJ8/Q5eXwQ==</latexit>

u
<latexit sha1_base64="FQyA6Fx0w23BN6VYZgYk97w2isY="></latexit>

v
<latexit sha1_base64="WcJBxzl/qnDyc0Ukn31YdsDWm3c="></latexit>

The energy calorimeter operator:
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Why is a point different from a null line in QFT?
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[Epstein,Glaser,Jaffe ’65]

No positivity in a finite region
[Cordova,Maldacena,Turiaci ’17]
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For the null line, the argument fails

Energy flux is in fact positive!
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[Hartman, Kundu, Tajdini 16’]
[Faulkner, Leigh, Parrikar, Wang 16’]

Positivity on the null line

[unitarity/QM]

[nothing can hide]
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Averaged null energy condition
The fact that  in QFT has many interesting consequences:ℰ ≥ 0

• Classic theorems in general relativity (its violation leads to time machines 
and violations of  the second law of  thermodynamics)

• Bounds on the RG flows

[Tipler; Borde ’87]
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[Hartman, Mathys ’23]

[Wall ’09]
[Morris,Thorne,Yurtsever ’88]

[Komargodski,Schwimmer ’11]
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• Bounds on transport

[Delacretaz,Hartman,Hartnoll,Lewkowycz ’18]

• Bounds on CFTs

[Hofman, Maldacena ’08,…]
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• Connection to quantum information theory:
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QGP

excluded

[Hartman,Hartnoll,Mahajan ’17]

ANEC QNEC→
[Hollands,Longo ’25]

shear  
viscosity

thermalisation length



What is the space of  detector operators?

[Caron-Huot,Giroux,Hannesdottir,Mizera ’23]

[e.g measure ]EJ−1

[Caron-Huot,Kologlu,Kravchuk,Meltzer,Simmons-Duffin ’22]



What is the space of  detector operators?

Local operators
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Detector operators  
(aka lightray operators) 
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What is the space of  detector operators?
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Regge theory
for operators

[Klempt,Metsch ’12]
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Regge surface

[Gromov,Levkovich-Maslyuk,Sizov ’17]

Unified picture for operators on different Regge trajectories. 
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[Ekhammar,Gromov,Preti ’24]
[Chang,Chen,Simmons-Duffin,Zhu ’25]

Regge surface for particles?

[Accardi et al ‘12]

In many other theories…



Energy correlators
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Energy correlators

[“Energy Correlators: A Journey From Theory to Experiment” Moult, Zhu ’25]

Many new measurements:
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[Bossi et al. ’25]
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[“Energy Correlators: A Journey From Theory to Experiment” Moult, Zhu ’25]
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[Much richer structure for more than two detectors]
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Jets: the operator product expansion (OPE)
Local operators  
(small distances)
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Ok(0)

Detector operators 
(small angles)
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[Hofman, Maldacena ’08]

QCD:

[Kologlu, Kravchuk, Simmons-Duffin, AZ ’19]
[Chang, Kologlu, Kravchuk, Simmons-Duffin, AZ ’20]

light-ray OPE

[Chen,Monni,Xu,H-X Zhu ’24]
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Finite coupling: conformal collider bootstrap (in N=4 SYM)
In  SYM a comprehensive picture can be achieved by combining dispersion 
relations, holography, supersymmetric localization, integrability, and the conformal 
bootstrap.
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[Caron-Huot, Coronado, Zahraee '24]
[Chester, Dempsey, Pufu]

[Dempsey,Karlsson,Pufu,Zahraee,AZ wip]
[Belitsky,Henn,Hohenegger,Korchemsky,Sokatchev,Yan,AZ]

truly finite coupling calculation!

[also non-planar]



What about different sources?



Homogeneous distribution (heavy states, large charge)

To get a homogeneous distribution we could have a multi-particle state (medium), 
or strongly coupled dynamics (copious production)

probe the medium
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• Large charge EFT

<latexit sha1_base64="fgWdpC77HuLIGZwdcw/zUj5mTws="></latexit>

→E(ωn1)E(ωn2)↑ ↓ ↔Q→ d
d→1

εd→1

<latexit sha1_base64="gqRmzoRKYsZfmgJ1Z8y+st+GMnc="></latexit>

1

Q
1

d→1

→ ω → 1

sound jet

[Cuomo,Firat,Nardi,Ricci ’25]
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• Weak coupling (state)

twist-2 
(jet)

twist-4 
(homogeneous)

• Strong coupling (dynamics)
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gravity stringy correction

<latexit sha1_base64="0Y35sfbrKoPlVpF79bnBfHjsZ/U="></latexit>

|!→ = Tr[ωK ]|”→



Collider experiment in holography
At strong coupling the energy distribution becomes homogeneous and it is 
described by string theory in the emergent AdS space.
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[Hofman, Maldacena, ’08]

Energy 
calorimeter =

Gravitational 
shockwave

Measuring 
energy =

Shapiro  
time delay
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stringy equivalence principle



Corrections to general relativity and causality
By performing more sophisticated versions of  this experiment one can 
systematically derive bounds on the corrections to general relativity
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|ω2| ↭
1

M2

HS

[Camanho, Edelstein, Maldacena, AZ '14]

<latexit sha1_base64="/tvb+odcOaBoE5JpIu3zv1LK2AU="></latexit>

b2 → |ω2|

Higher-spin states = budget for higher derivatives
[Caron-Huot, Li, Parra-Martinez, Simmons-Duffin '22]
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<latexit sha1_base64="5THXFVBLwBWFj2lT9L7uE0riDII="></latexit>

ω2M
2

HS

<latexit sha1_base64="tT/CLV2t5VwTfQwI6vfuc4uVqvg="></latexit>

ω4M
4

HS

excluded



Particle theories at weak coupling + Λ ≫ m

mass

spin
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2 Coleman-Mandula 
theorem

YM GR
higher spin symmetry

Goldstone
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ω → ω + ε

Galilean
[Bellazzini,Elias-Miro,Rattazzi,Riembau,Riva ’20]



Particle theories at weak coupling + Λ ≫ m

mass

spin

<latexit sha1_base64="0pPtalPruBufTBmO20tV1Tulvp0="></latexit>

0
<latexit sha1_base64="4LUv070dASHFqmix1o8y3bR6tCs="></latexit>

1
<latexit sha1_base64="8mpmqXePpfEB9UhqRzFCASaLY84="></latexit>

2 Coleman-Mandula 
theorem

YM GR

Higgs+YM
<latexit sha1_base64="PzAchOGtelX0jyDzYcP9OnPECzY="></latexit>

m → !

[Bellazzini,Isabella,Ricossa,Riva ’23]

higher spin symmetry
Goldstone
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ω → ω + ε

Galilean
[Bellazzini,Elias-Miro,Rattazzi,Riembau,Riva ’20]

string theory

Conjecture: String theory is the only way to make higher spin particles massive 
(s>2) at weak coupling, as the Higgs mechanism is for spin one (s=1) particles.



single linear Regge trajectoryaccumulation point

[Albert, Knop, Rastelli '24]
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T (s, t) =
8ωGN

stu
+ g0 + g2(s

2 + t2 + u2) + . . .

allowed

excluded

Is string theory a unique theory of  massive HS particles?

[Berman, Elvang, Geiser, Lin '24]



There are many threads in the high-energy theory tapestry

[(OpenAI's ChatGPT/DALL·E, 2025)]



Theme 1: Causality, quantum mechanics and Lorentz invariance are 
powerful principles to chart the space of  consistent theories.

Theme 2: New structures/methods/patterns are being discovered in 
QFT&QG.

Theme 3: There is a deep connection between quantum mechanics 
and quantum gravity (black holes as quantum systems).

[ANEC, dispersion relations, S-matrix/conformal bootstrap]

[generalized symmetries, large charge expansion, integrability, localization, swampland program]

[holography, gravitational path integral, operator algebras]

[nonperturbative approach to 4d gravity; M-theory]

[high-energy soft QCD and diffraction; high-energy scattering in gravity]

[quantum gravity in dS and inflation]



Theme 1: Causality, quantum mechanics and Lorentz invariance are 
powerful principles to chart the space of  consistent theories.

Theme 2: New structures/methods/patterns are being discovered in 
QFT&QG.

Theme 3: There is a deep connection between quantum mechanics 
and quantum gravity (black holes as quantum systems).

[ANEC, dispersion relations, S-matrix/conformal bootstrap]

[generalized symmetries, large charge expansion, integrability, localization, swampland program]

[holography, gravitational path integral, operator algebras]

Thank you!

[nonperturbative approach to 4d gravity; M-theory]

[high-energy soft QCD and diffraction; high-energy scattering in gravity]

[quantum gravity in dS and inflation]
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Ciafaloni
Veneziano’t Hooft
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dωωp1,ωp2→x+X

• the initial state has an infinite norm 
• soft radiation cancels against virtual corrections 
• collinear radiation is regular 

[Weinberg]

[Akhoury,Saotome,Sterman]

We can then further get rid of  of  the energies of  the final particles by 
measuring energy fluxes. The simplest thing to try is  
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→ωp,↑ωp|E(ωn1)...E(ωnk)|ωp,↑ωp↓
?
< ↔

away from the beam. [Herrmann,Kologlu,Moult ’24]
[Kologlu,Parra-Martinez, wip][LO manifestly IR finite]

What is the simplest theory-friendly IR safe quantity in 4d?
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S =
1

16ωGN

∫
dDx

→
↑g

(
R+ εϑ6Pl t8t8R

4 + . . .
)

[Paulos, Penedones, van Rees, Vieira '17]
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ωε6P =
2

ϑ

∫ →

0

ds

s5
Ts(s, 0)

[Guerrieri, Murali, Penedones, Vieira ’22]

For example, we can try to constrain the M-theory S-matrix


