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• Energy correlators from correlation functions
[work with 
Belitsky,Chen,Chicherin,Henn,Hohenegger,Karlsson,Korchemsky,Sokatchev,Yan ’13-…]

• OPE methods for energy correlators

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

• Conformal collider bootstrap

[work with Dempsey,Karlsson,Pufu,Zahraee ’25-wip]

• Positivity bootstrap
[work with Belin,Borak,Henriksson,Piron wip]
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Energy correlators

Event shapes characterize the energy-momentum flow in a collision event.

[Basham,Brown,Ellis,Love '78]

• average over final states (events) 
• weighted by normalized energy  

• function of angular separation  

• infrared and collinear safe 
• perturbatively computable (at high energies)

z =
1 − cos θ

2

[ALEPH]

This talk: energy correlators at finite coupling (N=4 SYM), when perturbation theory fails.

EEC(z) =
1

ωtot

d!

dz
=

〈
∑

i,j

EiEj

Q2
ε(z → zij)

〉

events
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QCD across angles in  e+e− → hadrons

[Bossi et al. ’25] 

The angular transition between perturbative  and hadronic physics

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



Amplitudes

Holography

Light-ray OPE Bootstrap Null Wilson loop
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EEC in a conformal collider
Different limits expose different theoretical descriptions
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Energy flux operator

Energy correlators are matrix elements of the energy flux operator

E(~n) = lim
r!1

r2
Z 1

t0

dt niT0i(t, r~n)

<latexit sha1_base64="seW7kPas3ID434BcJKN1nGYyrp4="></latexit>

[light transform]

[Sveshnikov,Tkachov,Korchemsky,Sterman,Hofman,Maldacena]

→E(ωn1)...E(ωnk)↑ ↓ →ε|E(ωn1)...E(ωnk)|ε↑
<latexit sha1_base64="f3C8xeaBqIcjTe/F1z7ykiq2kMc="></latexit>

The correlator approach is particularly useful in CFTs (trivial Q-dependence).

|ω→ = O(q)|0→, qµ = (Q,ε0)
<latexit sha1_base64="Qt9PGUxbEM4ZJY/DhC9+777cryY="></latexit>



 SYM: 𝒩 = 4 Aμ, 4λ, 6ϕ
•  EEC is a multi-fold integral of the Wightman four-point function

EEC(z) →
∫

d4x eiqx

︸ ︷︷ ︸
Fourier

∫ →

0
dt1 dt2 lim

ri↑→
r21r

2
2

︸ ︷︷ ︸
Detector limit

↑0|J†(x)T0ωn1(x1)T0ωn2(x2) J(0)|0↓︸ ︷︷ ︸
Wightman 4-pt. function

∣∣∣∣
xi=(ti,riωni)
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• Cross-ratios u = (x2
12x

2
34)/(x

2
13x

2
24), v = (x2

14x
2
23)/(x

2
13x

2
24)

<latexit sha1_base64="CLke3bW9CA1j/OLuxEv4CAc1xUE="></latexit>

• The 4-pt correlator of  by a single scalar function J = (𝒪20′￼, Jμ,R, Tμν) Φ(u, v)

SUSY→J(x1)T (x2)T (x3)J(x4)↑ ↓ P (ωu, ωv)︸ ︷︷ ︸
di!. operator

!(u, v, ε, Nc)

<latexit sha1_base64="cLl8EB3R9ztn7UdsHnk+zm2Nct0="></latexit>

→O(x1)O(x2)O(x3)O(x4)↑ =
!(u, v, ω ↓ ω

2ε + 4εi
g2
YM

, Nc)

x2
12x

2
23x

2
34x

2
41
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EEC at weak coupling g ≪ 1
EECQCD(z) = ωs(Q)A(z)︸ ︷︷ ︸

Basham et al. ’78

+ ω
2

s(Q)B(z)︸ ︷︷ ︸
Dixon et al. ’18

+ ω
3

s(Q)C(z)︸ ︷︷ ︸
NNLO numeric

+O(ω4

s)

<latexit sha1_base64="WP+A0Qj/ZviLCq5m1aXM354SatM="></latexit>

• The calculations are conveniently done in Mellin space

• Large corrections for  (small angles), and  (back-to-back)z → 0 z → 1

•  

•  F3(z) = harmonic polylogarithms + two-fold elliptic integral
<latexit sha1_base64="5JeGy7K9YlEWRKsiWicvfz9QFEo="></latexit>

EECN=4(z) =
1

4z2(1→ z)

(
g
2
F1(z)︸ ︷︷ ︸

Engelund–Roiban ’12

+ g
4
F2(z)︸ ︷︷ ︸

Belitsky et al. ’13

+ g
6
F3(z)︸ ︷︷ ︸

Henn et al. ’19

+ O(g8)︸ ︷︷ ︸
non-planar + 1-instanton

)

<latexit sha1_base64="V1yUb7vtt9tgZCGaXQZOXZK4htc="></latexit>

g2 → g2YMNc

16ω2
<latexit sha1_base64="Hc1WjE2Fpcmh91dwUqe+yJy7qLU="></latexit>

•  F1(z) = → log(1→ z)
<latexit sha1_base64="3Q6SV8/yn8j2wmIdMC1NHDq6q5w="></latexit>

F2(z) = (1→ z)

(
4
↑
z
[
Li2(→

↑
z)→ Li2(

↑
z) +

1

2
ln z ln

(1 +
↑
z

1→
↑
z

)]
+ (1 + z)

[
2Li2(z) + ln2(1→ z)

]
+ 2 ln(1→ z) ln

( z

1→ z

)
+
ω2

3
z

)

+ (1→ z)(1 + 2z)

[
ln2

(1 +
↑
z

1→
↑
z

)
ln
(1→ z

z

)
→ 8Li3

( ↑
z↑

z → 1

)
→ 8Li3

( ↑
z↑

z + 1

)]
→ 4(z → 4)Li3(z) + 6(3 + 3z → 4z2)Li3

( z

z → 1

)

→ 2z(1 + 4z)ε3 + 2
[
(3→ 4z)z ln z + 2(2z2 → z → 2) ln(1→ z)

]
Li2(z) +

1

3
ln2(1→ z)

[
4(3z2 → 2z → 1) ln(1→ z) + 3(3→ 4z)z ln z

]

+
ω2

3

[
2z2 ln z → (2z2 + z → 2) ln(1→ z)

]
.



EEC at strong coupling g ≫ 1
Energy correlators are sensitive to high-energy gravitational scattering in the bulk.

Tµω →↑ gAdS
µω + ωhµω

<latexit sha1_base64="SWIjB97Pp31Bfh9km96rcYHksfc="></latexit>

E(ωn) →
∫

dy→T→→(y
+ = 0, y→) ↑↓ high-energy graviton

<latexit sha1_base64="hqZzEg7/luIUf+YdjzVxjVSvQDg="></latexit>

classical theory

source

source

detector

detector

string scattering

AdS

gravitational scattering

single-trace source →↑ one-particle state in AdS
<latexit sha1_base64="CKkd7V7C5WEyP6e54jKiZxKFzvg="></latexit>



EEC at strong coupling g ≫ 1

• Tree-level supergravity produces homogeneous distribution

• Flat space string scattering

• AdS scattering amplitude

• QG = eikonal in AdS

z
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strings

QG

EEC(z) = 1 +
1

4g2
(1 +O(1/g))P2(1→ 2z) +

45ω3
4ε3g3

P3(1→ 2z) +O(
logNc

N2
c

log z)

︸ ︷︷ ︸
QG
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[Legendre polynomial]

g2 → g2YMNc

16ω2
<latexit sha1_base64="Hc1WjE2Fpcmh91dwUqe+yJy7qLU="></latexit>



Supergravity: homogeneous distribution
At strong coupling, copious particle production is unsuppressed. 
Particles dissolve into blobs (=particles in AdS/blobicles).

ωp(εn) = q0ϑ(εn→ εq

|εq| )
<latexit sha1_base64="GwH7SEg/fQr6mXh0zSJZqrmxIdA="></latexit>

A single-trace operator is dual to a single particle in AdS

→E(ωn1)...E(ωnk)↑q,SUGRA =
k∏

i=1

εAdS→p(ωni)
<latexit sha1_base64="jSmdJc2+Ct4OM+3foFykAYgKZmA="></latexit>

ωAdS→p(εn) =
q4

4ϑ(q0 → εq · εn)3
<latexit sha1_base64="lDyJSLHhdqr0W7SYpjjcjWfGW10="></latexit>
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collider event = atomic energy-flow measure

matrix element of energy flux operator moments of the measure on the space 
of energy-flow measures

positivity

infinite hierarchy

theories  
with particles

cross-section  
representation

ωX(εn) =
∑

a→X

Eaϑ
(d↑2)

(
εn→ εpa

|εpa|

)

<latexit sha1_base64="iV9NF6gYFiblbdyMCoEA5FuC7jU="></latexit>

→O
†
E(ωn1) · · · E(ωnk)O↑

→O†O↑
<latexit sha1_base64="BCH4TuBK3NJ3gpVKOhZVDBFNvI8="></latexit>

→E(ωn1) · · · E(ωnk)↑ =
∫

ε(dϑ)
k∏

i=1

ϑ(ωni)
<latexit sha1_base64="FurRcZhdzBUClKAzsxdGJkyE4RQ="></latexit>

ω(dε) =
1

ωtot

∑

X

dωX
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Diagonalizing the calorimeters

E(ωn) → 0
<latexit sha1_base64="FKC29FmNBKAu+MFD997AYpv1s9A="></latexit>

[Belin,Borak,Henriksson,Piron,AZ, wip]
[Hofman,Maldacena ’08]



Stringy ripples from the AdS Virasoro-Shapiro

source

source

detector

detector

[strings on a shockwave are solvable]
ωε → 1/g

<latexit sha1_base64="MTmyp3Ohv0qhTN1h9ABq8+eCBmE="></latexit>

→0osc|eiωq1·
ωXosc(ε,0)eiωq2·

ωXosc(ε
→,0)|0osc↑

= |2 sin(ω ↓ ω→)|
1
2ϑ

→ωq1·ωq2
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Stringy ripples from the AdS Virasoro-Shapiro

source

source

detector

detector

[strings on a shockwave are solvable]

• Leading correction is controlled by flat-space string shockwave scattering

 known explicitly.d̃J
[Hofman,Maldacena ’08; Dempsey et al. ’25]

EEC(z) = 1 +
→∑

J=2

d̃J
gJ

PJ(1→ 2z)
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Stringy ripples from the AdS Virasoro-Shapiro

• Sub-leading corrections can be calculated using the OPE and corrections to the AdS 
Virasoro-Shapiro amplitude [two paths, two different answers]

[Alday,Hansen,Silva '22; Dempsey et al. ’25; Ren,Wang,Wen '26]
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Stringy ripples from the AdS Virasoro-Shapiro

• Lesson: light transform and strong coupling  expansion do not commute.1/g

• Sub-leading corrections can be calculated using the OPE and corrections to the AdS 
Virasoro-Shapiro amplitude [two paths, two different answers]

[Alday,Hansen,Silva '22; Dempsey et al. ’25; Ren,Wang,Wen '26]
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Finite : energy correlators probe Planckian scatteringNc

Light transform does not commute with the  expansion1/Nc

[Chen,Karlsson,AZ '24]
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[Chen,Karlsson,AZ '24]

〈
E(ωn1)E(ωn2)

〉
=

∫ → dS

S3

∫ →

0
dLK(L, z)Re

(
1→ eiω(S,L)

)
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ωtree(S,L) → S
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ωtree(S,L) → S
<latexit sha1_base64="Dch7F5ACRGqVwwGmcD4fqYXGpZs="></latexit>

• singular at small angles  
   (rare fluctuations)

• gravitational eikonal
QG

stringy



Amplitudes

Holography

Light-ray OPE Bootstrap Null Wilson loop

z
<latexit sha1_base64="HWAOa/s+Klh1Vzi6TAI5NkCsVBM="></latexit>

0
<latexit sha1_base64="SmQpaCk3dyGfo85d7JcBUtbDC6E="></latexit>

1
<latexit sha1_base64="wArV0MQ0U6RPO2MCnG9fK0LOxnE="></latexit>

g
<latexit sha1_base64="ihKiWYhJLyb0DJrMHTZEU2vD8LA=">AAACPXicbVC5TsQwELW5CdculDQRKxDVKuEQlAgaSpBYQNpEyHEmuxY+ItsBraJ8AS18D9/BB9AhWlq8IQXXSB49vzejmXlJzpmxQfCCJyanpmdm5+a9hcWl5ZVWe/XSqEJT6FHFlb5OiAHOJPQssxyucw1EJByuktuTsX51B9owJS/sKIdYkIFkGaPEOup8cNPqBN2gDv8vCBvQQU2c3bTxVpQqWgiQlnJiTD8MchuXRFtGOVReVBjICb0lA+g7KIkAE5f1ppW/6ZjUz5R2T1q/Zr93lEQYMxKJqxTEDs1vbUz+p/ULmx3GJZN5YUHSr0FZwX2r/PHZfso0UMtHDhCqmdvVp0OiCbXOnB9TUpOaodJ2SGRaed5mJOGeKiHct4ykrFxSshAJaHfrdw1yU9WZcSUrzzkb/vbxL7jc6Ya73f3zvc7RcePxHFpHG2gbhegAHaFTdIZ6iCJAD+gRPeFn/Irf8PtX6QRuetbQj8Afn94tr48=</latexit>

EEC in a conformal collider
Different limits expose different theoretical descriptions

g → 1
<latexit sha1_base64="JaBcs7RUjJnIxRcrBhKAydN40j0="></latexit>

g → 1
<latexit sha1_base64="6iDyzoSbM3vlOPgbCbDIGJ8GJYw="></latexit>

z → 1
<latexit sha1_base64="yrcU3dx9jC/LXJXOwzQASO/2soo="></latexit>

(1→ z) ↑ 1
<latexit sha1_base64="1hTw8Hk86zR4J40geFT+LZcoTJc="></latexit>



Conformal bootstrap

At finite coupling, CFTs are contrained by the basic axioms

• Local (primary) operators  have scaling dimension  and spin ϕk Δ J

• The OPE coefficients fixed by the three-point functions ⟨ϕiϕjϕk⟩ ∼ fijk
• Crossing symmetry = associativity of the OPE
• +SUSY, integrability, localization, dispersion relations, …

CFT data: (!k, Jk)
<latexit sha1_base64="zt4v5Y83y0qdJ/rPEoSxPyeVK1g="></latexit>

fijk
<latexit sha1_base64="BcOjKZHPRQrXdKfWQ28Ygt42mKk=">AAACQ3icbVDJTsMwEHXKVsJW4MgloiriVCUsgiOCC8ciUYrURJXjTFpTL5HtgKooH8EVvoeP4Bu4Ia5IuKWHsozk0fN7M5qZF2eMauP7r05lbn5hcam67K6srq1v1Da3brTMFYE2kUyq2xhrYFRA21DD4DZTgHnMoBMPL8Z65x6UplJcm1EGEcd9QVNKsLFUJ+0V9G5Y9mp1v+lPwvsLgimoo2m0epvOXphIknMQhjCsdTfwMx MVWBlKGJRumGvIMBniPnQtFJiDjorJvqXXsEzipVLZJ4w3YWc7Csy1HvHYVnJsBvq3Nib/07q5SU+jgoosNyDI96A0Z56R3vh4L6EKiGEjCzBR1O7qkQFWmBhr0Y8piU70QCozwCIpXbcRCnggknP7LUIhSpukyHkMyt46q0Gmy0mmTIrStc4Gv338C24OmsFh8/jqqH52PvW4inbQLtpHATpBZ+gStVAbETREj+gJPTsvzpvz7nx8l1acac82+hHO5xeKFLJf</latexit>



Source-detector OPE: from the CFT data to EEC

EEC can be expressed through the CFT data (dimensions+OPE coefficients).

energy multipoles

→E(ωn1)E(ωn2)↑ =
(

Q

4ε

)2 (
1 +

→∑

J=2

cJPJ(cos ϑ)
)

<latexit sha1_base64="sAZ+Lf+hd46jz22zoLrW3N2p32o="></latexit>

[Kologlu,Kravchuk,Simmons-Duffin,AZ ’19]
[Mecaj,Moult,Walters,Yin ’25]

• Energy multipoles  (unitarity) are expressed through the CFT data: spin 
J operator contributes to  multipoles 

• Energy/momentum conservation leads to  

• There is a nontrivial interplay between point-wise positivity  and 
unitarity  (applicable to all theories)

cJ ≥ 0
0,..,J + 2

c0 = 1, c1 = 0
EEC(z) ≥ 0

cJ ≥ 0



The light-ray OPE and the collinear limit E(ωn1)
<latexit sha1_base64="uTkwX4EPTtrpjkiY/zx7JtMO9xE="></latexit>

E(ωn2)
<latexit sha1_base64="6+W7UPbCxC8YNPFmOdDGdeUJcA8="></latexit>

O
+
J=3

<latexit sha1_base64="b9N86fT8YYp5jozYwGG0why1Rng="></latexit>

→ω|
<latexit sha1_base64="FNdvmbRr0zcQ46P47sBoer+fx8g="></latexit>

|ω→
<latexit sha1_base64="HhHSwiyUk0kBUy7vjNLPlTyEoA0="></latexit>

EEC(z) =
∑

Regge traj

p+,J=3
!i

z
!i→7

2 2F1

(
!i → 1

2
,
!i → 1

2
,!i → 1, z

)

<latexit sha1_base64="1vP4M9Oped6+6Y5c5WDzZt6+Iak="></latexit>

At small angles, this predicts

QCD

EEC(z) →
z→0

1

z1↑ω+
J=3/2

<latexit sha1_base64="DZpNxFPDwLiV/WQNGhiHMh4MJ8c="></latexit>

[Chang, Kologlu,Kravchuk,Simmons-Duffin,AZ ’19-20]
[Dixon,Moult,Zhu’19][Korchemsky ’19]



The light-ray OPE: small angles (planar theory)

Collinear limit:

[Gromov,Levkovich-Maslyuk,Sizov,Valatka ‘14]

DT

ST

EEC(z) →
z→0

1

z1↑ω+
J=3/2

<latexit sha1_base64="DZpNxFPDwLiV/WQNGhiHMh4MJ8c="></latexit>

ω+
J=3

<latexit sha1_base64="FBsIf4LUOjmIFKM7/ltQEIkVAqY="></latexit>

+
1

zωDT/2
<latexit sha1_base64="z3kMTsC10DCP5pJY211iVOs7GOI="></latexit>



Back-to-back limit: soft physics and null Wilson loop

• twist-2/string flux tube dominates at weak coupling 
• twist-4/string breaking is not well understood 
• systematic corrections? General CFTs?

S
<latexit sha1_base64="uJtY9Rv+jI/ub55GEnF7pZI0ayw="></latexit>

controlled by soft radiation double light-cone limit u, v → 0

[Alday,Eden,Korchemsky,Maldacena,Sokatchev ’10]
[Chen,Monni,Pang,Vita,Zhu ’25]

[Collins,Soper ’81; Moult,Zhu ’18; Korchemsky ’19; Chen,Zhou,Zhu ’23]

EEC(y → 1↑ z) =
H(g)

4y

∫ →

0
db bJ0(b) exp

[
↑1

2
!cusp(g) log

2

(
b
2

yb
2
0

)
↑ !coll(g) log

(
b
2

yb
2
0

)]

<latexit sha1_base64="efaeF2r1Aa1PS/Ro/YSyTt3mOVw="></latexit>



Bootstrap problem (numerical)

finite Nc

planar

[uniqueness of the stress tensor is not imposed]

[Bender,Chester,Dempsey,Pufu,Wang,…]

[Caron-Huot,Coronado,Trinh,Zahraee ’22-’24]

(spectral gap from 
integrability)

(+dispersive functionals)



Planar  SYM: bootstrapping the full EEC𝒩 = 4

input: • SUSY localization 
• crossing symmetry 
• dispersion relations 
• integrability

output: • two-sided bounds 

• predictions for z → 0,1
• tests of analyticity

• weak/strong transition

[Dempsey,Karlsson,Pufu,Zahraee,AZ ’25 and wip]



Finite   SYM: bootstrapping the full EECNc 𝒩 = 4

input:
• SUSY localization 
• crossing symmetry 
• dispersion relations

output: • two-sided bounds 
• predictions for z → 0,1
• -independenceθ
• max coupling

ω =
ε

2ϑ
+

4ϑi

g2YM<latexit sha1_base64="3uM4zRcBsgU8KNwrz8Q1/Qs4vAQ="></latexit>

S-duality: gYM → 4ω

gYM
<latexit sha1_base64="RIF7Wosn04Xv/vg7h5rxl6bjHbg="></latexit>

[Dempsey,Karlsson,Pufu,Zahraee,AZ ’25 and wip]



Conclusions

What is a scattering amplitude?

What is an energy correlator?

S-matrix element

what Feynman diagrams sum to

solution to bootstraps

2d celestial conformal correlator

canonical form/volume

CY period

worldsheet correlator

null Wilson loop

…

collider observable

weighted cross section

matrix element of light-ray 
operators

measure on the space of  
celestial measures

gravitational scattering

RG monotone

null Wilson loop
…

Modern bootstrap methods allow to probe collider phyics in a novel 
nonperturbative regime.

solution to bootstrap



Open directions

• Detector algebra: 
   space of detectors, light-ray OPEs, renormalization/mixing, positivity, 
   soft/BMS charges, horizontal trajectories, light-ray algebras

• States&theories: 
    spinning sources, heavy sources, Love numbers, finite mass effects, media,  
    other CFTs (3d Ising/M-theory collider)

• Positivity, angular RG: 
    higher-point correlators, RG monotones, moment problem, constraints on 
    the AdS EFTs

Thank you for your attention!



Extra slides



[Riembau, Son ’25]

Many new measurements:



Four-dimensional gravity EEC
Energy correlators provide infrared-finite inclusive observables in perturbative 4d gravity.

• Perturbatively calculable

• Lorentz-invariant

• Positive and analytic

The beam-averaged EEC is nonintegrable at , for incoming plane waves (  forward limit). 
Introducing wave packets requires dressing (BMS symmetry precludes interference).

z = 0 σtot = ∞

beam-averaged

[pure gravity+matter,  SUGRA, ST]𝒩 = 8

[depends on  and ]GNs, α′￼s z

[Chicherin,Korchemsky,Sokatchev,AZ ’25]

[Gonzo,Pokraka ’20]
[Herrmann,Kologlu,Moult ’24]

[Carney,Chaurette,Neuenfeld,Semenoff ’18]



Four-dimensional gravity: EEC limits

Remarkably, the  limit is nonperturbatively calculable z → 1

In the collinear limit , the energy-energy correlator appears regular (absence of collinear 
divergences). 

z → 0

beam

〈
E(ωn1)E(ωn2)

〉
=

C(y1,ε)

(1→ z)1→Bgr/2
<latexit sha1_base64="G1InK7p5EY5le/LfwVIP+JUY3fE="></latexit>

Weinberg’s Bremsstrahlung function:

Bgr = →4
GNs

ω
(y1 log y1 + (1→ y1) log(1→ y1))

<latexit sha1_base64="9aVxO0LsL2MPtOLOfnthSAoMQNc="></latexit>

y1 = (1→ ωn · ωn1)/2
<latexit sha1_base64="CGHKrUgHDwDam4McWZi4rsmDr6Y="></latexit>

• The algebra of detector operators in gravity?

• Detector soft theorems

[Gonzalez,Salzer '25] [Moult,Narayanan,Pasterski ’25]
[Chang,Chen,Simmons-Duffin,Zhu ’25]

[Weinberg ’65]



Why is a point different from a null line in QFT?
<latexit sha1_base64="dxrT3tgpTR7e8bqGDp1ytDQfv7I="></latexit>

→0|T |0↑ = 0<latexit sha1_base64="+0otUASIvgOi6MjUqHrEURxCHkY="></latexit>

T <latexit sha1_base64="BUIXA3FxTwQW48ZncXAyT9B6eCM="></latexit>

→ω|T |ω↑ ↓ 0
<latexit sha1_base64="JUdLC2GxdpiZhV6V4Xy/N95PreY="></latexit>

|→ω|T |0↑|2 ↓ →ω|T |ω↑→0|T |0↑ = 0

<latexit sha1_base64="+0otUASIvgOi6MjUqHrEURxCHkY="></latexit>

T
<latexit sha1_base64="RdAxpRcTs0hwxPc/d67BrUJ9xpE="></latexit>

R1
<latexit sha1_base64="fDRWhvRqkIPpAa9X4nrRJz3S6Uw="></latexit>

R2

<latexit sha1_base64="pHBYaiOETRvj7qoCsyau+xP8Cg8="></latexit>

→ω1|T |ω2↑ = 0

<latexit sha1_base64="lY1WsFQoBz1l0r6BI6gTT8JApXA="></latexit>

T = 0
[Epstein,Glaser,Jaffe ’65]

<latexit sha1_base64="RdAxpRcTs0hwxPc/d67BrUJ9xpE="></latexit>

R1
<latexit sha1_base64="fDRWhvRqkIPpAa9X4nrRJz3S6Uw="></latexit>

R2

For the line, the argument fails

<latexit sha1_base64="VIBUPUwAzOqmwWqKmJ5zzfzJaPM="></latexit>

E

<latexit sha1_base64="pNdoqGF4Gnkq5enT0KwxIhfEdew="></latexit>

→0|OR1EOR2 |0↑
↓=→0|OR1OR2E|0 = 0

Energy flux is in fact positive!
<latexit sha1_base64="TiGs7U/eZdY8w9GrUBxgInegJZ4="></latexit>

E → 0

<latexit sha1_base64="Yn7dNwg8LFn5rdUd4Y4XtELCNNk="></latexit>

→0|OR1TOR2 |0↑ =
→0|OR1OR2T |0↑ = 0



Spectral gap from integrability (planar theory)



Light-ray OPE and back-to-back (at finite Nc)

SU(2) bootstrap fit
planar integrability
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[Dempsey et al. , to appear]



Angular RG

IR UV UV IR



Local operators vs light-ray operators

• integer spin [theory-dependent]

Local operators/measure at a point Detector operators/measure in cross sections

• complex spin [theory-dependent]

• changes sign • positivity [ANEC, higher-spin ANEC]

• radial quantization 
[operator/state correspondence]

• detector algebra?

• UV divergence • IR divergence

• Renormalization/mixing • Renormalization/mixing

• OPE • light-ray OPE

• line defect • null defect?
[Erramilli,Kulp,Popov ’25]

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

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



CFT: changing degrees of freedom across coupling

• analogy: parton/hadron in QCD and 
weak/strong in large-N CFTs 

• the crossover tracks changing 
effective degrees of freedom in the 
OPE

bootstrap



Different regimes of the gauge theory: (Nc, g)

g2 → g2YMNc

16ω2
<latexit sha1_base64="Hc1WjE2Fpcmh91dwUqe+yJy7qLU="></latexit>

[Integrability in AdS/CFT Review, Beisert et al]


