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This pessimis*c viewpoint about 
fundamental physics has dras*cally changed 
a:er the discovery of Quantum Field Theory: 

1.Fundamental physical processes indeed 
can be calculated and measured to very 
high precision 

2.Exci1ng future of fundamental could be 
hidden in these many decimals 

2

“Now, there is nothing new to discover in 
physics. It only remains to be measured 
more and more precisely .” 

Lord Kelvin
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Perturba1ve Quantum 
Field TheoryApplica*on to precision 

measurements

Understanding 
Quantum Field Theory

Test the fundamental 

principle of QFT
hidden symmetry 

behind the Lagrangian 
descrip*on

New calcula*on 
methods New observablesNew organiza*on 

principle
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Rapid development in China

Adver*sement: 16th Interna*onal Symposium on Radia*ve Correc*ons (RADCOR) 
will be held at Hangzhou in 2023.



• Mo*va*on for precision calcula*on from the LHC  

• Fundamental ideas behind con*nuous revolu*on in the past 
decades 

Unitarity 

Analy*city 

Effec*ve Field Theory 

• Recent progress from Higgs to top, from NNLO to N3LO 

• Conclusion
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Outline for this talk



Mo1va1on from the LHC
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• Remarkable successful run1 and 
run2 at the LHC, yet new physics 
signal is s*ll elusive 

• New physics signal might be buried 
in the SM background 

• A successful precision program will 
be vita for a full harvest of the LHC 
data set, both for precision 
measurement of the SM parameter 
of searching for new physics 

• Interes*ng theore*cal challenge 
ahead



Experimentalist’s wishlist
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Les Houches 05-09
Closed

New Les Houches wishlist 2014

Almost Closed

At least four community are forms thanks to 
theore*cal-experimental interac*on 
• QCD fixed order perturba*on theory 
• Factoriza*on, resumma*on, effec*ve field theory 
• Parton shower and Monte Carlo event generator 
• Sca^ering amplitudes



But, are QCD correc1ons relevant?
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Mistlberger, QCD@LHC2016

Theore1cal interpreta1on of experimental measurements would be 
seriously misleading without the higher order correc1ons!



The anatomy of perturba1on calc.
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The master formula:
<latexit sha1_base64="W0zhnB3AywLB+2C6+IX23Sbbprc="></latexit>

� =
X

ij

Z
dx1dx2fi/H1

(x1)fj/H2
(x2)�ij!abc...JaJbJc · · ·
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�ij!abc... = �0 + ↵s�1 + ↵2
s�2 + ↵3

s�3 + . . .

LO NLO NNLO N3LO

+ more loops and legs at higher order

Main challenge: 
• Mul*ple-loop integrals 
• IR singulari*es in degenerate 

phase space configura*on
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Generalized unitarity

+ …
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SS† = 1

Unitarity of S-matrix

Cutkosky rule

Calculate imaginary part of 
amplitudes from cross sec*on, and 
vice versa 
• Only apply to forward sca^ering 
• Sum over inclusive states

Generalized unitarity of Feynman integrals
Bern, Dixon, Dunbar, Kosower, 1995; 
Bri^o, Cachazo, B. Feng, 04’,05’
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FI =

Z
d4l
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Analy1city in regulator and momentum
Total deriva*ve vanishes in 

dimensional regularized integrals

• Different Feynman integrals related by 
Integra1on-By-Parts (IBP) iden**es.  

• Finite number of master integrals 
(MIs).

<latexit sha1_base64="/R2pThvfbBH2aPKtxTedakAXv4A="></latexit>

0 =

Z
dDl pµ

@

@lµ
N (l; p1, p2, . . .)

l2(l + p1)2(l + p2)2 . . .

Causality => Amplitudes as analy*c 
func*on of external momentum
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pµi
@

@pµj
FI({p}) =

Z
dDl pµi

@

@pµj

N (l; p1, p2, . . .)

l2(l + p1)2(l + p2)2 . . .

• When applied in conjuga*on with IBP, 
leads to closed set of differen1al 
equa1on for MIs. 

• O:en itera*on solu*on in terms of 
polylogarithms. 

• Canonical differenital equa*on:
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FI =
X

i

ciMIi

MIs are universal building 
blocks for Feynman integrals

<latexit sha1_base64="sJA1E+l2kUtaHFRurfHittAdAGY="></latexit>
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~MI(x, ✏) = ✏dA(x) ~MI(x, ✏)



• Sca^ering amplitudes are infrared 
divergence beyond LO. 

• Origin of infrared divergence: so: and 
collinear loops 

• KLN theorem: so: and collinear 
divergences cancel between virtual and 
real radia*on correc*ons for inclusive 
enough observables 

• However, the prac*cal cancella*on of IR 
divergence can be very intricate: open 
challenge at NNLO and beyond
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Infrared divergences and SCET

lig
htco

ne

So:-Collinear Effec*ve Theory: an effec*ve 
theory near the lightcone

An important insight: infrared divergences are 
cancelled within a restricted of phase space 
close to lightcone. Can be carried out within 
SCET. (J. Gao, C.S. Li, HXZ, PRL, 2012)
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High precision Higgs physics
Q.J. Jin, K. Ren, G. Yang, JHEP, 2021
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=
mt!1

ciOi

• Effec*ve operators relevant to Higgs + jet 
produc*on 

• Completely operator dimension + Wilson 
coefficients up to dimension 16!

T. Liu, Melnikov, Penin, PRL, 2019

• Non-factorizable contribu*on to VBF 
Higgs produc*on at two loops

Eikonal 
approxima*on
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Calcula1on of master integrals
L.B. Chen, J. Wang, 2106.12093

tW associated produc*on at two loops

31 master integrals calculated analy*cally 
in terms of mul*ple polylogarithms

X. Liu, Y.Q. Ma, 2107.01864
Auxiliary mass flow method for numerical 

calcula*on of Feynman integrals

Analy*c con*nua*on to ∞

• A large number of two and 
three loops integrals 
evaluated to high precision 

• All of them are not known 
before in the literature! 

• Phenomenology applica*on 
promising
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alphaS/PDFs
S.Q. Wang, Brodsky, X.G. Wu, J.M. Shen, 

Gius*no, PRD 2019
Principle of maximal conformality for scale 

sevng now applied to event shape observable

Extrac*on of alphaS from 
thrust average

J. Gao, Hobbs, Nadolsky, C.L. Sun, C.-P. Yuan, 
2107.00460

Charge-current DIS to probe strange and 
charm contents of nucleon



Towards N3LO phenomenology
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Slides from F. Caola, Snowmass community 
planning mee*ng, 2020

Besides phenomenology 
relevance, also interes*ng for 

Understanding the IR structure 
of gauge theory at high orders 

Begin to be sensi*ve to more 
intricate effects: power 
correc*ons in QCD, EW loops 

Factoriza*on breaking effects 
are expected to happen at 
N3LO/N4LO

Catani,  de Florian, Rodrigo, 2011 
Forshaw, Seymour et al., 2011 
Schwartz, Y. Kai, HXZ, 2018 
Dixon, Hermann, Y. Kai, HXZ, 2019



• Main challenge: 

Three-loop virtual amplitudes are not known in many cases 

Cancella*on of IR singulari*es between virtual and real correc*ons mostly 
unexplored at N3LO 

• Reasonable to focus on the simplest processes first: 2->1 Drell-Yan or Higgs produc*on
18

What are needed for N3LO calcula1on?

F. Caola
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Drell-Yan: the Standard Candle process
Dilepton produc*on in hadron collider

The “Standard Candle” process  at hadron 
collider. Important for: 
•PDFs global fit 
•Beam calibra*on 
•SM EW parameter determina*on 
•TMD physics 
•BSM search 
•Dominant uncertain*es from luminosity. 

Normalized cross sec*on < 1% uncertainty!
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History of Drell-Yan theory calcula1on

Altarelli, Ellis, Mar1nelli, 1978

Hamberg, van Neerven, Matsuura, 1991

Anastasiou, Dixon, Melnikov, Petriello, 2004

Catani, Grazzini, 2007 Melnikov, Petriello, 2006

NLO

Inclusive NNLO

NNLO rapidity

Full differen1al NNLO

Duhr, Dulat, Mistlberger, 2020
Inclusive N3LO
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Inclusive Drell-Yan at N3LO

• Scale uncertain*es stabilize at N3LO 

• Unexpected large correc*ons at N3LO compared with NNLO (-2%) 

• Necessary to have differen*al distribu*on for phenomenology applica*on 

• If history repeat itself, we will need to wait at least 13 years 

• Fortunately, history not always repeat itself
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History of Drell-Yan theory calcula1on

Altarelli, Ellis, Mar1nelli, 1978

Hamberg, van Neerven, Matsuura, 1991

Anastasiou, Dixon, Melnikov, Petriello, 2004

Catani, Grazzini, 2007 Melnikov, Petriello, 2006

NLO

Inclusive NNLO

NNLO rapidity

Full differen1al NNLO

Duhr, Dulat, Mistlberger, 2020
Inclusive N3LO

X. Chen, Gehrmann, Glover, Huss, T.Z. 
Yang, HXZ, 2021, to appear soon

N3LO rapidity



• Three-loop virtual correc*ons have been known for a while. Main difficulty is infrared 
divergence at N3LO. 

• Effec*ve field theory comes to help: 

Isolate degenerate phase space region where infrared divergence occurs 

Use effec*ve field theory (SCET) in the degenerate region to simplify calcula*on
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IR subtrac1on at N3LO

H
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<latexit sha1_base64="jIoUZwJnIRhYZlcQiFfl0JgFmh4=">AAACFXicbVA9SwNBEN3zM8avqKXNYhCs4p0IWsbYWEYwH5AcYW+zlyzZu11254R45EdYCfpb7MTW2p9i515yhUl8MPB4b4aZeYES3IDrfjsrq2vrG5uFreL2zu7efungsGlkoilrUCmkbgfEMMFj1gAOgrWVZiQKBGsFo9vMbz0ybbiMH2CsmB+RQcxDTglYqVXrpfz8ZtIrld2KOwVeJl5OyihHvVf66fYlTSIWAxXEmI7nKvBTooFTwSbFbmKYInREBqxjaUwiZvx0eu4En1qlj0OpbcWAp+rfiZRExoyjwHZGBIZm0cvE/7xOAuG1n/JYJcBiOlsUJgKDxNnvuM81oyDGlhCqub0V0yHRhIJNaG4L8NHT3BepGoRKSDBZVt5iMsukeVHx3Ip3f1mu1vLUCugYnaAz5KErVEV3qI4aiKIRekav6M15cd6dD+dz1rri5DNHaA7O1y92cKAx</latexit><latexit sha1_base64="jIoUZwJnIRhYZlcQiFfl0JgFmh4=">AAACFXicbVA9SwNBEN3zM8avqKXNYhCs4p0IWsbYWEYwH5AcYW+zlyzZu11254R45EdYCfpb7MTW2p9i515yhUl8MPB4b4aZeYES3IDrfjsrq2vrG5uFreL2zu7efungsGlkoilrUCmkbgfEMMFj1gAOgrWVZiQKBGsFo9vMbz0ybbiMH2CsmB+RQcxDTglYqVXrpfz8ZtIrld2KOwVeJl5OyihHvVf66fYlTSIWAxXEmI7nKvBTooFTwSbFbmKYInREBqxjaUwiZvx0eu4En1qlj0OpbcWAp+rfiZRExoyjwHZGBIZm0cvE/7xOAuG1n/JYJcBiOlsUJgKDxNnvuM81oyDGlhCqub0V0yHRhIJNaG4L8NHT3BepGoRKSDBZVt5iMsukeVHx3Ip3f1mu1vLUCugYnaAz5KErVEV3qI4aiKIRekav6M15cd6dD+dz1rri5DNHaA7O1y92cKAx</latexit><latexit sha1_base64="jIoUZwJnIRhYZlcQiFfl0JgFmh4=">AAACFXicbVA9SwNBEN3zM8avqKXNYhCs4p0IWsbYWEYwH5AcYW+zlyzZu11254R45EdYCfpb7MTW2p9i515yhUl8MPB4b4aZeYES3IDrfjsrq2vrG5uFreL2zu7efungsGlkoilrUCmkbgfEMMFj1gAOgrWVZiQKBGsFo9vMbz0ybbiMH2CsmB+RQcxDTglYqVXrpfz8ZtIrld2KOwVeJl5OyihHvVf66fYlTSIWAxXEmI7nKvBTooFTwSbFbmKYInREBqxjaUwiZvx0eu4En1qlj0OpbcWAp+rfiZRExoyjwHZGBIZm0cvE/7xOAuG1n/JYJcBiOlsUJgKDxNnvuM81oyDGlhCqub0V0yHRhIJNaG4L8NHT3BepGoRKSDBZVt5iMsukeVHx3Ip3f1mu1vLUCugYnaAz5KErVEV3qI4aiKIRekav6M15cd6dD+dz1rri5DNHaA7O1y92cKAx</latexit><latexit sha1_base64="jIoUZwJnIRhYZlcQiFfl0JgFmh4=">AAACFXicbVA9SwNBEN3zM8avqKXNYhCs4p0IWsbYWEYwH5AcYW+zlyzZu11254R45EdYCfpb7MTW2p9i515yhUl8MPB4b4aZeYES3IDrfjsrq2vrG5uFreL2zu7efungsGlkoilrUCmkbgfEMMFj1gAOgrWVZiQKBGsFo9vMbz0ybbiMH2CsmB+RQcxDTglYqVXrpfz8ZtIrld2KOwVeJl5OyihHvVf66fYlTSIWAxXEmI7nKvBTooFTwSbFbmKYInREBqxjaUwiZvx0eu4En1qlj0OpbcWAp+rfiZRExoyjwHZGBIZm0cvE/7xOAuG1n/JYJcBiOlsUJgKDxNnvuM81oyDGlhCqub0V0yHRhIJNaG4L8NHT3BepGoRKSDBZVt5iMsukeVHx3Ip3f1mu1vLUCugYnaAz5KErVEV3qI4aiKIRekav6M15cd6dD+dz1rri5DNHaA7O1y92cKAx</latexit>

Bi/B
<latexit sha1_base64="0AVUlkNhpnww84uSV3dmwfGI7v4=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe9E0DLExjKC+YDkCHubvWTJ3t6yOyfEIz/CStDfYie21v4UO/eSK0zig4HHezPMzAuU4AZc99sprK1vbG4Vt0s7u3v7B+XDo5aJE01Zk8Yi1p2AGCa4ZE3gIFhHaUaiQLB2ML7N/PYj04bH8gEmivkRGUoeckrASu16P+UX9Wm/XHGr7gx4lXg5qaAcjX75pzeIaRIxCVQQY7qeq8BPiQZOBZuWeolhitAxGbKupZJEzPjp7NwpPrPKAIextiUBz9S/EymJjJlEge2MCIzMspeJ/3ndBMIbP+VSJcAknS8KE4EhxtnveMA1oyAmlhCqub0V0xHRhIJNaGEL8PHTwhepGoZKxGCyrLzlZFZJ67LquVXv/qpSq+epFdEJOkXnyEPXqIbuUAM1EUVj9Ixe0Zvz4rw7H87nvLXg5DPHaAHO1y94HKAy</latexit><latexit sha1_base64="0AVUlkNhpnww84uSV3dmwfGI7v4=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe9E0DLExjKC+YDkCHubvWTJ3t6yOyfEIz/CStDfYie21v4UO/eSK0zig4HHezPMzAuU4AZc99sprK1vbG4Vt0s7u3v7B+XDo5aJE01Zk8Yi1p2AGCa4ZE3gIFhHaUaiQLB2ML7N/PYj04bH8gEmivkRGUoeckrASu16P+UX9Wm/XHGr7gx4lXg5qaAcjX75pzeIaRIxCVQQY7qeq8BPiQZOBZuWeolhitAxGbKupZJEzPjp7NwpPrPKAIextiUBz9S/EymJjJlEge2MCIzMspeJ/3ndBMIbP+VSJcAknS8KE4EhxtnveMA1oyAmlhCqub0V0xHRhIJNaGEL8PHTwhepGoZKxGCyrLzlZFZJ67LquVXv/qpSq+epFdEJOkXnyEPXqIbuUAM1EUVj9Ixe0Zvz4rw7H87nvLXg5DPHaAHO1y94HKAy</latexit><latexit sha1_base64="0AVUlkNhpnww84uSV3dmwfGI7v4=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe9E0DLExjKC+YDkCHubvWTJ3t6yOyfEIz/CStDfYie21v4UO/eSK0zig4HHezPMzAuU4AZc99sprK1vbG4Vt0s7u3v7B+XDo5aJE01Zk8Yi1p2AGCa4ZE3gIFhHaUaiQLB2ML7N/PYj04bH8gEmivkRGUoeckrASu16P+UX9Wm/XHGr7gx4lXg5qaAcjX75pzeIaRIxCVQQY7qeq8BPiQZOBZuWeolhitAxGbKupZJEzPjp7NwpPrPKAIextiUBz9S/EymJjJlEge2MCIzMspeJ/3ndBMIbP+VSJcAknS8KE4EhxtnveMA1oyAmlhCqub0V0xHRhIJNaGEL8PHTwhepGoZKxGCyrLzlZFZJ67LquVXv/qpSq+epFdEJOkXnyEPXqIbuUAM1EUVj9Ixe0Zvz4rw7H87nvLXg5DPHaAHO1y94HKAy</latexit><latexit sha1_base64="0AVUlkNhpnww84uSV3dmwfGI7v4=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe9E0DLExjKC+YDkCHubvWTJ3t6yOyfEIz/CStDfYie21v4UO/eSK0zig4HHezPMzAuU4AZc99sprK1vbG4Vt0s7u3v7B+XDo5aJE01Zk8Yi1p2AGCa4ZE3gIFhHaUaiQLB2ML7N/PYj04bH8gEmivkRGUoeckrASu16P+UX9Wm/XHGr7gx4lXg5qaAcjX75pzeIaRIxCVQQY7qeq8BPiQZOBZuWeolhitAxGbKupZJEzPjp7NwpPrPKAIextiUBz9S/EymJjJlEge2MCIzMspeJ/3ndBMIbP+VSJcAknS8KE4EhxtnveMA1oyAmlhCqub0V0xHRhIJNaGEL8PHTwhepGoZKxGCyrLzlZFZJ67LquVXv/qpSq+epFdEJOkXnyEPXqIbuUAM1EUVj9Ixe0Zvz4rw7H87nvLXg5DPHaAHO1y94HKAy</latexit>

�⇤
<latexit sha1_base64="8/VaGuGbk0XS6DAGvyXx+mPkVAE=">AAACFnicbVA9SwNBEN2LXzF+RS1tDoMgFuFOBC2DNpYRzAckZ9jb7F2W7N4uu3NCPPInrAT9LXZia+tPsXOTXGESHww83pthZl6oODPged9OYWV1bX2juFna2t7Z3SvvHzSNTDWhDSK51O0QG8pZQhvAgNO20hSLkNNWOLyZ+K1Hqg2TyT2MFA0EjhMWMYLBSu1ujIXAD2e9csWrelO4y8TPSQXlqPfKP92+JKmgCRCOjen4noIgwxoY4XRc6qaGKkyGOKYdSxMsqAmy6b1j98QqfTeS2lYC7lT9O5FhYcxIhLZTYBiYRW8i/ud1UoiugowlKgWakNmiKOUuSHfyvNtnmhLgI0sw0cze6pIB1piAjWhuC7Dh09wXmYojxSWYsc3KX0xmmTTPq75X9e8uKrXrPLUiOkLH6BT56BLV0C2qowYiiKNn9IrenBfn3flwPmetBSefOURzcL5+AWJ+oLA=</latexit><latexit sha1_base64="8/VaGuGbk0XS6DAGvyXx+mPkVAE=">AAACFnicbVA9SwNBEN2LXzF+RS1tDoMgFuFOBC2DNpYRzAckZ9jb7F2W7N4uu3NCPPInrAT9LXZia+tPsXOTXGESHww83pthZl6oODPged9OYWV1bX2juFna2t7Z3SvvHzSNTDWhDSK51O0QG8pZQhvAgNO20hSLkNNWOLyZ+K1Hqg2TyT2MFA0EjhMWMYLBSu1ujIXAD2e9csWrelO4y8TPSQXlqPfKP92+JKmgCRCOjen4noIgwxoY4XRc6qaGKkyGOKYdSxMsqAmy6b1j98QqfTeS2lYC7lT9O5FhYcxIhLZTYBiYRW8i/ud1UoiugowlKgWakNmiKOUuSHfyvNtnmhLgI0sw0cze6pIB1piAjWhuC7Dh09wXmYojxSWYsc3KX0xmmTTPq75X9e8uKrXrPLUiOkLH6BT56BLV0C2qowYiiKNn9IrenBfn3flwPmetBSefOURzcL5+AWJ+oLA=</latexit><latexit sha1_base64="8/VaGuGbk0XS6DAGvyXx+mPkVAE=">AAACFnicbVA9SwNBEN2LXzF+RS1tDoMgFuFOBC2DNpYRzAckZ9jb7F2W7N4uu3NCPPInrAT9LXZia+tPsXOTXGESHww83pthZl6oODPged9OYWV1bX2juFna2t7Z3SvvHzSNTDWhDSK51O0QG8pZQhvAgNO20hSLkNNWOLyZ+K1Hqg2TyT2MFA0EjhMWMYLBSu1ujIXAD2e9csWrelO4y8TPSQXlqPfKP92+JKmgCRCOjen4noIgwxoY4XRc6qaGKkyGOKYdSxMsqAmy6b1j98QqfTeS2lYC7lT9O5FhYcxIhLZTYBiYRW8i/ud1UoiugowlKgWakNmiKOUuSHfyvNtnmhLgI0sw0cze6pIB1piAjWhuC7Dh09wXmYojxSWYsc3KX0xmmTTPq75X9e8uKrXrPLUiOkLH6BT56BLV0C2qowYiiKNn9IrenBfn3flwPmetBSefOURzcL5+AWJ+oLA=</latexit><latexit sha1_base64="8/VaGuGbk0XS6DAGvyXx+mPkVAE=">AAACFnicbVA9SwNBEN2LXzF+RS1tDoMgFuFOBC2DNpYRzAckZ9jb7F2W7N4uu3NCPPInrAT9LXZia+tPsXOTXGESHww83pthZl6oODPged9OYWV1bX2juFna2t7Z3SvvHzSNTDWhDSK51O0QG8pZQhvAgNO20hSLkNNWOLyZ+K1Hqg2TyT2MFA0EjhMWMYLBSu1ujIXAD2e9csWrelO4y8TPSQXlqPfKP92+JKmgCRCOjen4noIgwxoY4XRc6qaGKkyGOKYdSxMsqAmy6b1j98QqfTeS2lYC7lT9O5FhYcxIhLZTYBiYRW8i/ud1UoiugowlKgWakNmiKOUuSHfyvNtnmhLgI0sw0cze6pIB1piAjWhuC7Dh09wXmYojxSWYsc3KX0xmmTTPq75X9e8uKrXrPLUiOkLH6BT56BLV0C2qowYiiKNn9IrenBfn3flwPmetBSefOURzcL5+AWJ+oLA=</latexit>

i
<latexit sha1_base64="IVdYGyzr6YNN1oKCSOMyd88WwfQ=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmUL9gHtUDJppg3NJCG5I9ShX+BK0G9xJ279BD/FnWk7C1s9cOFwzr3ce0+kBbfg+19eYW19Y3OruF3a2d3bPygfHrWsSg1lTaqEMp2IWCa4ZE3gIFhHG0aSSLB2NL6d+e0HZixX8h4mmoUJGUoec0rASQ3eL1f8qj8H/kuCnFRQjnq//N0bKJomTAIVxNpu4GsIM2KAU8GmpV5qmSZ0TIas66gkCbNhNj90is+cMsCxMq4k4Ln6eyIjibWTJHKdCYGRXfVm4n9eN4X4Osy41CkwSReL4lRgUHj2NR5wwyiIiSOEGu5uxXREDKHgslnaAnz8uPRFpoexFgrs1GUVrCbzl7QuqoFfDRqXldpNnloRnaBTdI4CdIVq6A7VURNRxNATekGv3rP35r17H4vWgpfPHKMleJ8/K6Sd7A==</latexit><latexit sha1_base64="IVdYGyzr6YNN1oKCSOMyd88WwfQ=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmUL9gHtUDJppg3NJCG5I9ShX+BK0G9xJ279BD/FnWk7C1s9cOFwzr3ce0+kBbfg+19eYW19Y3OruF3a2d3bPygfHrWsSg1lTaqEMp2IWCa4ZE3gIFhHG0aSSLB2NL6d+e0HZixX8h4mmoUJGUoec0rASQ3eL1f8qj8H/kuCnFRQjnq//N0bKJomTAIVxNpu4GsIM2KAU8GmpV5qmSZ0TIas66gkCbNhNj90is+cMsCxMq4k4Ln6eyIjibWTJHKdCYGRXfVm4n9eN4X4Osy41CkwSReL4lRgUHj2NR5wwyiIiSOEGu5uxXREDKHgslnaAnz8uPRFpoexFgrs1GUVrCbzl7QuqoFfDRqXldpNnloRnaBTdI4CdIVq6A7VURNRxNATekGv3rP35r17H4vWgpfPHKMleJ8/K6Sd7A==</latexit><latexit sha1_base64="IVdYGyzr6YNN1oKCSOMyd88WwfQ=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmUL9gHtUDJppg3NJCG5I9ShX+BK0G9xJ279BD/FnWk7C1s9cOFwzr3ce0+kBbfg+19eYW19Y3OruF3a2d3bPygfHrWsSg1lTaqEMp2IWCa4ZE3gIFhHG0aSSLB2NL6d+e0HZixX8h4mmoUJGUoec0rASQ3eL1f8qj8H/kuCnFRQjnq//N0bKJomTAIVxNpu4GsIM2KAU8GmpV5qmSZ0TIas66gkCbNhNj90is+cMsCxMq4k4Ln6eyIjibWTJHKdCYGRXfVm4n9eN4X4Osy41CkwSReL4lRgUHj2NR5wwyiIiSOEGu5uxXREDKHgslnaAnz8uPRFpoexFgrs1GUVrCbzl7QuqoFfDRqXldpNnloRnaBTdI4CdIVq6A7VURNRxNATekGv3rP35r17H4vWgpfPHKMleJ8/K6Sd7A==</latexit><latexit sha1_base64="IVdYGyzr6YNN1oKCSOMyd88WwfQ=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmUL9gHtUDJppg3NJCG5I9ShX+BK0G9xJ279BD/FnWk7C1s9cOFwzr3ce0+kBbfg+19eYW19Y3OruF3a2d3bPygfHrWsSg1lTaqEMp2IWCa4ZE3gIFhHG0aSSLB2NL6d+e0HZixX8h4mmoUJGUoec0rASQ3eL1f8qj8H/kuCnFRQjnq//N0bKJomTAIVxNpu4GsIM2KAU8GmpV5qmSZ0TIas66gkCbNhNj90is+cMsCxMq4k4Ln6eyIjibWTJHKdCYGRXfVm4n9eN4X4Osy41CkwSReL4lRgUHj2NR5wwyiIiSOEGu5uxXREDKHgslnaAnz8uPRFpoexFgrs1GUVrCbzl7QuqoFfDRqXldpNnloRnaBTdI4CdIVq6A7VURNRxNATekGv3rP35r17H4vWgpfPHKMleJ8/K6Sd7A==</latexit>

ı̄
<latexit sha1_base64="NMMctnWOh2tO+C4EgH3hHOVhadg=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUQEPRa9eKxgP7AJZbPdtEs3u8vuRKih/8KToL/Fm3j15k/x5qbNwbY+GHi8N8PMvEhxZsDzvp2V1bX1jc3SVnl7Z3dvv3Jw2DIy1YQ2ieRSdyJsKGeCNoEBpx2lKU4iTtvR6Cb3249UGybFPYwVDRM8ECxmBIOVHoII64AlGIa9StWreVO4y8QvSBUVaPQqP0FfkjShAgjHxnR9T0GYYQ2McDopB6mhCpMRHtCupQIn1ITZ9OKJe2qVvhtLbUuAO1X/TmQ4MWacRLYzP84sern4n9dNIb4KMyZUClSQ2aI45S5IN3/f7TNNCfCxJZhoZm91yRBrTMCGNLcF2Ohp7otMDWLFJZiJzcpfTGaZtM5rvlfz7y6q9esitRI6RifoDPnoEtXRLWqgJiJIoGf0it6cF+fd+XA+Z60rTjFzhObgfP0CiCGh3Q==</latexit><latexit sha1_base64="NMMctnWOh2tO+C4EgH3hHOVhadg=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUQEPRa9eKxgP7AJZbPdtEs3u8vuRKih/8KToL/Fm3j15k/x5qbNwbY+GHi8N8PMvEhxZsDzvp2V1bX1jc3SVnl7Z3dvv3Jw2DIy1YQ2ieRSdyJsKGeCNoEBpx2lKU4iTtvR6Cb3249UGybFPYwVDRM8ECxmBIOVHoII64AlGIa9StWreVO4y8QvSBUVaPQqP0FfkjShAgjHxnR9T0GYYQ2McDopB6mhCpMRHtCupQIn1ITZ9OKJe2qVvhtLbUuAO1X/TmQ4MWacRLYzP84sern4n9dNIb4KMyZUClSQ2aI45S5IN3/f7TNNCfCxJZhoZm91yRBrTMCGNLcF2Ohp7otMDWLFJZiJzcpfTGaZtM5rvlfz7y6q9esitRI6RifoDPnoEtXRLWqgJiJIoGf0it6cF+fd+XA+Z60rTjFzhObgfP0CiCGh3Q==</latexit><latexit sha1_base64="NMMctnWOh2tO+C4EgH3hHOVhadg=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUQEPRa9eKxgP7AJZbPdtEs3u8vuRKih/8KToL/Fm3j15k/x5qbNwbY+GHi8N8PMvEhxZsDzvp2V1bX1jc3SVnl7Z3dvv3Jw2DIy1YQ2ieRSdyJsKGeCNoEBpx2lKU4iTtvR6Cb3249UGybFPYwVDRM8ECxmBIOVHoII64AlGIa9StWreVO4y8QvSBUVaPQqP0FfkjShAgjHxnR9T0GYYQ2McDopB6mhCpMRHtCupQIn1ITZ9OKJe2qVvhtLbUuAO1X/TmQ4MWacRLYzP84sern4n9dNIb4KMyZUClSQ2aI45S5IN3/f7TNNCfCxJZhoZm91yRBrTMCGNLcF2Ohp7otMDWLFJZiJzcpfTGaZtM5rvlfz7y6q9esitRI6RifoDPnoEtXRLWqgJiJIoGf0it6cF+fd+XA+Z60rTjFzhObgfP0CiCGh3Q==</latexit><latexit sha1_base64="NMMctnWOh2tO+C4EgH3hHOVhadg=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUQEPRa9eKxgP7AJZbPdtEs3u8vuRKih/8KToL/Fm3j15k/x5qbNwbY+GHi8N8PMvEhxZsDzvp2V1bX1jc3SVnl7Z3dvv3Jw2DIy1YQ2ieRSdyJsKGeCNoEBpx2lKU4iTtvR6Cb3249UGybFPYwVDRM8ECxmBIOVHoII64AlGIa9StWreVO4y8QvSBUVaPQqP0FfkjShAgjHxnR9T0GYYQ2McDopB6mhCpMRHtCupQIn1ITZ9OKJe2qVvhtLbUuAO1X/TmQ4MWacRLYzP84sern4n9dNIb4KMyZUClSQ2aI45S5IN3/f7TNNCfCxJZhoZm91yRBrTMCGNLcF2Ohp7otMDWLFJZiJzcpfTGaZtM5rvlfz7y6q9esitRI6RifoDPnoEtXRLWqgJiJIoGf0it6cF+fd+XA+Z60rTjFzhObgfP0CiCGh3Q==</latexit>
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IR subtrac1on at N3LO

So: func*on: Y. Li, HXZ, 2016, PRL

M.X. Luo, T.Z. Yang, HXZ, Y.J. Zhu, 2019, PRL; 2020, JHEP 
Ebert, Mistlberger, Vita, 2020, JHEP

NNLOjet collabora*on, Gehrmann-
De Ridder, Gehrmann, Glover, 
Huss, Morgan, 2015-2021

EFT calcula*on
Full theory calcula*on

Catani, Grazzini, PRL, 2007



• Takes a long way to go from 
amplitudes physical cross sec*ons 

• Full theory compared with 
effec*ve theory in the small qT 
region 

• Excellent agreement, indica*ng 
infrared structure at this order is 
fully and correctly understood 

• Highly nontrivial, involve many 
different ingredients

25

qT distribu1on of DY lepton pair
X. Chen, Gehrmann, Glover, Huss, T.Z. Yang, HXZ, 2021, to appear soon

Preliminary
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Inclusive cross sec1on
X. Chen, Gehrmann, Glover, Huss, T.Z. Yang, HXZ, 2021, to appear soon

Preliminary

• Combina*on of effec*ve theory and 
full theory cross sec*on at an 
infrared cutoff scale qTcut 

• Large cancella*on between qqbar 
and qg channel at NNLO



• First differen*al rapidity 
distribu*on for DY at N3LO 

• Large correc*ons ( -2%) compared 
with NNLO over all rapidity region 

• N3LO results must take into 
account in precision 
phenomenology analysis 

• Other effects also become 
important: N3LO PDF evolu*on, 
Mixed QCD-EW
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Differen1al rapidity distribu1on
X. Chen, Gehrmann, Glover, Huss, T.Z. Yang, HXZ, 2021, to appear soon

Preliminary



• Remarkable progress in perturba*ve Quantum Field Theory powered by simply ideas: 

Unitarity, analy*city, effec*ve field theory 

• Most of the NNLO wishlist closed 

• New fron*ers 

2 -> 3 at NNLO 

Differen*al 2->1 at N3LO; towards 2->2 at N3LO 

The method of effec*ve field theory proved powerful for differen*al DY at N3LO. Can be applied to 
other color singlet, such as diboson produc*on (once the virtual amplitudes become available) 

Many theore*cal works to be done, e.g., understand perturba*ve power correc*ons to stabilize 
numerical results 28
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Conclusion and outlook

Exci1ng 1mes ahead, stay tuned!

Thank you very much for your aken1on!


