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Success of the LHC precision program
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A great triumph of The 
Standard Model

But we should let no stone 
left unturned

Stress-test The Standard 
Model to its extreme!



But let’s recall some history
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g = 2 + 2ae
<latexit sha1_base64="KAPhMiSQfmz0+KsMlAMVSjCLxbE="></latexit>

g = 2 + 2⇥ ↵

2⇡
+ · · ·

= 2 + 0.0023228 + · · ·

anomalous magnetic moment of electron

Lead to establishment of QED! Looking for new physics at the 8th digit!



Deficiencies in theoretical predictions
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Theoretical predictions are far from perfect. Substantial space for progress!

event isotropy: an event shape observable 
that measures the departure from perfect 

isotropy of collider event 
C. Cesarotti, J. Thaler



Two faces of QCD
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e

e

Feynman Diagrams

QCD Factorization

Effective Field Theories

Renormalization Group

Operator Product Expansion

……

nonperturbative perturbative

The two faces of QCD interwind together to form a full picture of QCD at the LHC 

factorization



DGLAP evolution
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One loop: D. Gross, F. Wilczek, 1973 (twist operator)

Gribov, Lipatov; Altarelli, Parisi; Dokshitzer, 1976-1977


Two loops: G. Curci, W. Furmanski and R. Petronzio, 1980


Three loops: S. Moch, J. Vermaseren, A. Vogt, 2004


Towards 4 loops: S. Moch, B. Ruijl, T. Ueda, J. A. M. 
Vermaseren and A. Vogt: planar non-singlet

leading transcendentality: QCD => N=4 SYM

Integrability in N=4 SYM: 



Towards DGLAP at 4 loops
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Relation between twist-2 operator and DGLAP kernel 

Computation with fixed moment in this way quickly explode in complexity
Turn fixed-order derivative into a generating function!

T. Gehrmann, A. von Manteuffel, V. Sotnikov, Tong-Zhi Yang, 2023

Non-planar Nf coefficient are now calculable!



Precision top quark physics
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Call for production and decay of top pair 
to high precision!

Bernreuther, Brandenburg, Zong-Guo Si, P. Uwer, 2004

See e.g. Kun Cheng’s talk

Top quark decay:
NLO: M. Jezabek and J. H. Kuhn (1989, approx.)

A. Czarnecki, (1990, approx.)

Chong Sheng Li, J. Oakes, T. C. Yuan, (1991, exact)


NNLO: Jun Gao, Chong Sheng Li, HXZ, 2012 

M. Brucherseifer, F. Caola, and K. Melnikov 2013


Long-Bing Chen, Hai Tao Li, Jian Wang, Yefan Wang, 2022 
(analytic)



Top decay at N3LO
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current experimental 
uncertainty

See also Jian Wang’s talk



Precision Higgs production
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Expect ten times of more data in 
the full LHC run. Call for even 

more precise theory prediction! N
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Courtesy of Mistlberger

B. Anastasiou, C. Duhr, F. Dulat, E. Furlan, F. Herzog, B. 
Mistlberger, T. Gehrmann, A. Lazopolous, 2013-2015

B. Mistlberger, 2018



Towards Higgs production at N4LO
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Anatomy of N4LO Higgs cross section near threshold

quadruple virtual real-triple virtual double real

-double virtual triple real-virtual quadruple real

integral reduciton finite basis
canonical DE <=> N=4 SYM SCET Expansion by region

R. Lee, A. von Manteuffel, R. Schabinger, A. 
Smirnov, V. Smirnov, M. Steinhauser, 2022

Wen Chen, Ming-xing Luo, 
Tong-Zhi Yang, HXZ, 2023

F. Herzog, Yao Ma, B. Mistlberger, A. 
Suresh, 2023



Soft photon theorem
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Amplitude with two charged line emitting a soft photon

Weinberg’s soft theorem, 1965 Low, 1958; Burnett, Kroll, 1968

It is widely believed that Weinberg’s soft photon theorem is exact to all orders.

A. Strominger, 2015

But actual calculation reveals 
that it’s non-vanishing!

Yao Ma, G. Sterman, A. Venkata, 2023
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Unreasonable simplicity of Quantum Field Theory
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The Chinese Magic The symbol magic

+30 more pages

Zhan Xu, Da-Hua Zhang, Li Chang, 1985

<latexit sha1_base64="5rG7jIooPDSpexY+qXcjQvWDOQk="></latexit>

A(1+, 2+, · · · , i�, · · · , j�, · · · , n+) =
hiji4

h12ih23i · · · hn� 1, ni

Parke, Taylor, 1988

Goncharov 

Correct choice of variables

Remarkable relation between special functions

A. Goncharov, M Spradlin, C. Vergu, A. Volovich, 2010



Special functions in Feynman integrals
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Who ordered those functions?
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log(x)
<latexit sha1_base64="/u02OM23acGKYsaMM6Lj2VsYoGI=">AAAB9XicbVDLTgJBEOz1ifhCPXqZSEzwQnYJUY8kXjh4wEQeCaxkdhhgwuwjM70K2fAfXjxojFf/xZt/4wB7ULCSTipV3enu8iIpNNr2t7W2vrG5tZ3Zye7u7R8c5o6OGzqMFeN1FspQtTyquRQBr6NAyVuR4tT3JG96o5uZ33zkSoswuMdJxF2fDgLRF4yikR46yMeY3Ippt1QYX3Rzebtoz0FWiZOSPKSodXNfnV7IYp8HyCTVuu3YEboJVSiY5NNsJ9Y8omxEB7xtaEB9rt1kfvWUnBulR/qhMhUgmau/JxLqaz3xPdPpUxzqZW8m/ue1Y+xfu4kIohh5wBaL+rEkGJJZBKQnFGcoJ4ZQpoS5lbAhVZShCSprQnCWX14ljVLRuSyW78r5SjWNIwOncAYFcOAKKlCFGtSBgYJneIU368l6sd6tj0XrmpXOnMAfWJ8/C1+SPQ==</latexit>

Li2(x)
<latexit sha1_base64="NcvMsZvyc/C6UrGalnVnzzQTzfY="></latexit>

Lin(x) ,HPL[{n1, n2, · · · , nm}, x]

differential equations
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F (x, ✏) =
X

i

Ri(x, ✏)Ii(x, ✏)

<latexit sha1_base64="Zn8Hl17FmoKM21uXqrkIbE8g6D8="></latexit>

d

dx
Ii(x, ✏) =

X

j

Aij(x, ✏)Ij(x, ✏)

<latexit sha1_base64="uUe/30t3LNpou+vqWAo/NLtyQRg="></latexit>

d

dx
Ĩi(x, ✏) = ✏

X

j

Aij(x)Ĩj(x, ✏)
Tkachov, 1981 Remiddi, Gehrmann, 1999 Henn, 2013

Geometry
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genus 0 complex curve genus 1 complex curve

higher genus curve

higher dimensional varieties



Calabi-Yau manifolds
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banana integrals up to four loops S. Pogel, Xing Wang, S. Weinzierl, 2022, 2023
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mirror symmetry

<latexit sha1_base64="fisEsY2N5we3wibqJKAVQvQ04rc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUtSNUHDTZQX7gCaUyWTSDp08OnMjlJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPlwiuwLK+jdLa+sbmVnm7srO7t39gHh51VJxKyto0FrHseUQxwSPWBg6C9RLJSOgJ1vXGdzO/+8ik4nH0ANOEuSEZRjzglICWBuaJAyMGBN/iCXYCSWjm55k/yQdm1apZc+BVYhekigq0BuaX48c0DVkEVBCl+raVgJsRCZwKllecVLGE0DEZsr6mEQmZcrP5Azk+14qPg1jqigDP1d8TGQmVmoae7gwJjNSyNxP/8/opBDduxqMkBRbRxaIgFRhiPEsD+1wyCmKqCaGS61sxHREdA+jMKjoEe/nlVdK5rNlXtfp9vdpoFnGU0Sk6QxfIRteogZqohdqIohw9o1f0ZjwZL8a78bFoLRnFzDH6A+PzB0mClkE=</latexit>

✓ = q
d

dq

All loops iterated solution of banana integrals!



Bhabha and Moller scattering
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Bhabha scattering Moller scattering

Two most familiar process in QFT 101
relevant for LEP 

luminosity calibration
relevant for PRad II 

exp. theory uncertainty

alphabet in 
differential equation

M. Delto, C. Duhr, L. Tancredi, Yu Jiao Zhu, 2023
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RG flow of QCD probed by the LHC
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from Pythia event generator

Asymptotic freedom

Infrared slavery

the LHC

phase transition

Spectacular view along the journey from UV to IR!



The non-global world
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light jet mass distribution M. Dasgupta , G. Salam, 2001

<latexit sha1_base64="Iskfk7eIbNDVyEP29Ws6LRIQDdc="></latexit>

@LGab(L) =

Z
d⌦j

4⇡

1� cos ✓ab
(1� cos ✓aj)(1� cos ✓jb)

h
✓L(j)Gaj(L)Gjb(L)�Gab(L)

i
Banfi-Marchesini-Syme 

equation

Conformal symmetry of BMS equation
Y. Hatta, T. Ueda, 2013

Five-loop perturbative solution: 

M. Schwartz, HXZ, 2014

Effective field theory for non-global logarithms:
T. Becher, M. Neubert, Ding Yu Shao, 2015



Non-global resummation for the LHC
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gap between jet P. Boer, P. Hager, M. Neubert, M. 
Stillger, Xiaofeng Xu, 2023

T. Becher, M. Neubert, Ding Yu Shao, M. Stillger, 2023



Extending the space flat-space observable
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QFT 101: gauge theory amplitude not observable; 
cross section are

i0

i+

i�
E(~n) = lim

r!1
r2
Z 1

0
dt ~niT

0i(t, r~n)
<latexit sha1_base64="TKR00qqAYvrTrfp9A9/C2aVzqF4="></latexit>

But cross section are not the only 
observable;


correlation function of asymptotic 
lightray operators are also finite


The simplest class are energy 
correlators

Tkachov, 1995

Hofman, Maldacena, 2008
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Tµ⌫

Hao Chen, I. Moult, Xiaoyuan Zhang, HXZ, 2020



Energy correlators at works
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Large RL (perturbative region)
<latexit sha1_base64="nzvdUzHUyjVtCKO9HIrCq1ZGnl0="></latexit>

lim
n̂2!n̂1

E(n̂1)E(n̂2) =
X

ci✓
⌧i�4

Oi(n̂1) + running coupling

scaling law

very small RL (free hadrons)

Starting from any given point, the 
number of points correlated with it 

grow linearly with radius R

https://cds.cern.ch/record/2866560/files/SMP-22-015-pas.pdf

time
Decrease in transverse momentum transfer between probed hadron

Most precise measurement from jet substructure. Uncertainties dominated by theory!



Summary
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This year marks the discovery 
of QCD for 50 years.

QCD gave rise to the pursuit of 
understanding the strong force 

via perturbation theory.

We have witnessed remarkable 
continuous progress in the past 

50 years.

Stay tuned for more exciting 
results from the future!


