
!"#$%&'()*+,-.

/01234562789:2;<5=

>?@A

BCDEAFGHDEIFJKLMNCFOPQ@FRASTF

UVWX@A2YZYYT[\[]



Never forget where we started

2

A calculation which established the 
foundation of Quantum Electrodynamics

Electron Anomalous 
Magnetic Moment

Schwinger, Phys. Rev. 73, 416

Aoyama, Hayakawa, Kinoshita, Nio, PRL109, 11807

Hannake, Hoogerheide, Gabrielse, PRA83, 052122



Collider physics as precision science

3

千帆竞发 百舸争流

Theorists Experimentalists



Master formula for collider physics
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Theorist’s tools

5



Feynman Integrals as a branch of experimental mathematics

6

Experimental mathematics is an approach to mathematics in which computation 
is used to investigate mathematical objects and identify properties and patterns.

Word cloud extracted from Weinzierl, 2201.03593
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• A classic reference for all one-loop 
integrals


• Precision calculation becomes an 
industry from here


• Many of the concepts from the 
previous slides can’t be found


• Demonstrate a continuous 
revolution in this field

NPB153 (1979) 365-401



Cluster algebra structure in physical observable?
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Appearance of a A3 cluster 
algebra in an e+e- observable!

K. Yan, X.Y. Zhang, 2203.04349;

T.Z. Yang, X.Y. Zhang, 2208.01051



Vector space of Feynman integrals
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Rational coefficients
M

aster Integrals

Tkachov; Chetyrkin, Tkachov, 1981

Process independent 
Finite dimensional

Question: how to find the coefficients?
Solved at one-loop [Britto, Cachazo, B. Feng, 2004]; in principle also at higher loops (∞ computing power)

• Dual vector

• Inner product
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What is the dual of Feynman integrals?

What is the proper inner product?

Intersection Theory
Mastrolia, Mizera, 2018



Intersection theory and canonical Feynman integrals

• In actual calculation, we want not just the 
reduction to Feynman integrals, but to 
“simple” Feynman integrals: canonical FI 
[Henn, 2013]


• A novel method for directly constructing 
canonical FI from intersection theory using 
generalized Baikov representation

10

J.Q. Chen, X.H. Jiang, C.C. Ma, X.F. Xu, 
L.L. Yang, 2202.08127 Relevant for gg->γγ


gg->HH (small mass limit)

Seems promising, expected more 
interesting results to come!



Auxiliary Mass Flow Method

11

Developed from 2017 - 2022: X. Liu, Y.Q. Ma, C.Y. Wang, 1711.09572; X. Liu, Y.Q. Ma, 
1801.10523; X. Guan, X. Liu, Y.Q. Ma, 1912.09294; X. Liu, Y.Q. Ma, 2201.11669, …

Limit is taken by solving 
an ODE for η from ∞ to 0+

X. Liu, Y.Q. Ma, 2201.11669



Application of AMF method to single top production

• Large rate for single-top at the LHC can be used 
to measure properties of top quark and CKM.


• Previously NNLO corrections for factorisable 
only: [M. Brucherseifer, F. Caola, K. Melnikov; E. 
Berger, J. Gao, C.-P. Yuan, H.X. Zhu; J. 
Campbell, T. Neumann, Z. Sullvian].


•Main bottleneck was two-loop virtual non-
factorizable diagrams, recently become 
available [C. Bronnum-Hansen, K. Melnikov, J. 
Quarroz, C.Y. Wang] using auxiliary mass flow 
method [X. Liu, Y.Q. Ma, C.Y. Wang].


•Only slightly smaller than factorisable 
corrections: 0.4% for inclusive Xsec, O(1-2)% 
for kinematical corrections. Need to be taken 
into account in future percent-level 
measurements. 

12

fact. non-fact.

Bronnum-Hansen, Melnikov, Quarroz, 
Signorile-Signorile, Wang, 2204.05770



Quarkonium decay at three loops

13

F. Feng, Y. Jia, Z.W. Mo, J.C. Pan, W.L. Sang, J.Y.  Zhang, 2207.14259

NRQCD:
3-loop light-by-light diagram
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The dawn of precision Higgs physics

15
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µ = 1.05± 0.04(th)± 0.03(exp)± 0.03(stat)
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µ = 1.02± 0.036(th)± 0.033(exp)± 0.029(stat)

ATLAS

Nature 607, 52-59(2022)

CMS

Nature 607, 60-68(2022)

Total exp: 14% Run 1 → 6% Run2 → ???


Pressure is on the theorists side to reduce theory uncertainties



Current status of theory uncertainties in ggF

• Comparable uncertainties from different 
sources


• Largest uncertainties from strong 
coupling constant (come back later)


• Improving each of it is very challenging  
but very important!

16

Dulat, Lazopoulos, Mistlberger, 2018

Full mass dependence of 
heavy and light quark



Light-quark loop corrections to ggF

17

T. Liu, Modi, Penin, 2111.01820

Next-to-Leading Power:

NNLP:
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Top-quark loop corrections to ZH production
• Simultaneous probing Higgs-quark coupling 

and Higgs-Z coupling


• Discovery channel for H → bb


• Also used to constraint Higgs-charm 
coupling

18

L. Chen, et al., 2204.05225

K ~ 2
K ~ 20



Weighing the W boson, 
precisely

19 credit: Gavin Salam



10 MeV precision requires ~0.1% control on distribution

20

CERN courier, 2022

9.4 MeV
76 MeV



W transverse mass distribution at N3LO

• First N3LO prediction for W transverse mass distribution


• 1% shape uncertainty translate naively to 100 MeV 
uncertainty in W mass


• Normalized shape much more accurate, ~0.3%. Not 
enough to explain CDF anomaly 21

X. Chen, Gehrmann, Glover, Huss, 
T.Z. Yang, HXZ, 2205.11426

~1%



PDF impact to W mass

• spread of predictions from different PDF 
sets can be larger than the PDF 
uncertainty predicted by a specific PDF 
set


• PDF variations can not explain CDF 
discrepancy

22

J. Gao, D.Y. Liu, K.P. Xie, 2205.03942



Update from ResBos2 for W mass measurement

• One comment to CDF measurement is that they used an previous version of 
ResBos, which does not match the best QCD accuracy (N3LL)

23
J. Issacson, Y. Fu, C.-P. Yuan, 2205.02788

Henn, Korchemsky, Mistlberger, 1911.10174

von Manteuffel, Panzer, Schabinger, 2002.04617 Y. Li, HXZ, 1604.01404

Sudakov factor



W boson mass measurement at the LHC

24

M
oult, H

XZ, Y.J. Zhu, 2205.02242

Duhr, M

istlberger, Vita, 2205.02249

• LHC aims for 10 MeV uncertainty


• Current theory uncertainties ~ 100 MeV


• Much theoretical efforts are needed:       
(1) N4LL resummation; (2) power 
corrections; (3) non-perturbative TMD; (4) 
QCD+EW



Jets and their inner structure
25



Three jet production at NNLO

26

Czakon, Mitov, Poncelet, 2106.05531
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m2
123 = (p1 + p2 + p3)

2

• 3/2 jet ratio is important for αₛ measurement

•Giant NLO K factor. NNLO stabilize the ratio and smaller scale uncertainties

• How to better estimate scale uncertainties? (1) resummation (2) PMC scale



Top quark decay at NNLO with PMC

27

Principle of Maximal Conformality: absorbing all-order beta functions to αₛ

PMC NNLO

PMC NLO

δmₜ δαₛ Missing higher orders

R.Q. Meng, S.Q. Wang, T. Sun, C.Q. Luo, J.M. Shen, X.G. Wu, 2002.09978



Resummation of super leading logarithms

28
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• Jets production with large rapidity gap is important in VBF Higgs production, as well as probing BFKL dynamics.

• It has been known for 15 years the existence of a class of super-leading logarithms in non-global observables [J. 

Forshaw, A. Kyrieleis, M. Seymour]. Five-loop explicit calculation available, but no resummation formula known. 
Effects not capture by parton shower. 


• Recently an all-order analytic resummation formula become available, allowing for the first time estimating impacts of 
SLL to gap fraction.



αₛ from jet substructure

• Among the four fundamental constant, αₛ have the largest uncertainty


• αₛ is the single largest source of theory uncertainty in Higgs cross section 
prediction

29



αₛ from jet data and discrepancy

30

• Current jet data, although very rich, has not 
show its full power in constrain αₛ


• Also long-term discrepancy in some e+e- jet fit 

Non of the current jet data fit exploit jet substructure!



αₛ from multi-point energy correlator

• Need to understand experimental 
uncertainties for multi-point correlation


• Need to improve theory prediction (work 
in progress) 31

Preliminary 

W. Chen, Y.B. Li, Z. 
Xu, X.Y. Zhang, HXZ, 
in preparation

P. Komiske, I. Moult, J. Thaler, HXZ, 2201.07800

H. Chen, I. Moult, X.Y. Zhang, HXZ, 2004.11381
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Summary

• Remarkable progress in precision QCD and electroweak physics, driven by 
LHC and other high energy colliders, interfacing with modern mathematics


• Provides new understanding of QCD and quantum field theory in general


• Precision calculation and measurement has help sharpen the description of 
the Standard model


• In some cases precision measurement has lead to discrepancy that might 
due to new physics (W mass, μ g-2)


• Numerous opportunities ahead in light of high precision data in coming 
decade
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Where do precision calculation stands?
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Theory Frontier Snowmass report 2022
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New observable connecting perturbative and confinement in LHC measurement
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CFT in jet substructure
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