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The	evolu3on	of	precision	measurement	at	the	hadron	colliders

SppS	(1981	-	1991) Tevatron	(1983	-	2011) LHC	(2011	-	)

Precision	measurement	at	the	hadron	colliders	from	dream	to	reality

Discovery Precision
New	discovery?

New	understanding	of	QFT



G.	Salam
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Con3nuous	progress	in	precision	theory

Les	Houches	
2005	—	2009

Clo
sed

From	NLO	revoluLon to	NNLO	revoluLon
See	also	Jun	Gao’s	plenary	talk
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Precision	fron3er	at	N3LO
Few	processes	at	hadron	colliders	are	now	available	at	N3LO

Higgs	inclusive

Anastasiou	et	al.;	
Mistlberger

Higgs	rapidity

Chen	et	al.;		
Dulat,	Mistlberger,	Pelloni

Duhr,	Dulat,	Mistlberger

bb->H	inclusive
HH	inclusive

Chen,	Li,	Shao,	Wang

VBF	NWA

Dreyer,	Karlberg

Duhr,	Dulat,	Mistlberger

Z/W	inclusive

H	fiducial

Chen	et	al.

All	available	results	based	on	analyLc	N3LO	
coefficient	funcLons	
Difficult	to	apply	to	more	complex	processes



Highlighted	in	the	summary	
talk	at	EPS	2021

First	N3LO	correc3ons	to	Drell-Yan	rapidity	distribu3on	
Method	generalizable	to	more	complex	processes,	e.g.	diboson	produc3on	
based	upon	earlier	works:		
3-loop	sob	funcLon	(Y.	Li,	HXZ,	2016),	3-loop	TMD	PDFs	(MX	Luo,	TZ	Yang,	HXZ,	YJ	Zhu,	2019),	NNLOJet	(Gehrmann,	Glover,	et	al.)

arXiv:	2107.09085
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The	Drell-Yan	process

The	“Standard	Candle”	process		at	hadron	
collider.	Important	for:	
•PDFs	global	fit	
•Beam	calibraLon	
•SM	EW	parameter	determinaLon	
•TMD	physics	
•BSM	search	
•Dominant	uncertainLes	from	luminosity.	
Normalized	cross	secLon	<	1%	uncertainty!
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Drell-Yan	as	the	laboratory	for	cuVng-edge	tech.

Altarelli,	Ellis,	Mar3nelli,	1978

Hamberg,	van	Neerven,	Matsuura,	1991

Anastasiou,	Dixon,	Melnikov,	Petriello,	2004

Catani,	Grazzini,	2007 Melnikov,	Petriello,	2006

NLO

Inclusive	NNLO

NNLO	rapidity

Full	differen3al	NNLO

Duhr,	Dulat,	Mistlberger,	2020
Inclusive	N3LO

X.	Chen,	Gehrmann,	Glover,	Huss,	T.Z.	
Yang,	HXZ,	2021 N3LO	rapidity

First	hadron	collider	NLO	calculaLon

First	hadron	collider	NNLO	calculaLon

First	hadron	collider	differenLal	NNLO

First	hadron	collider	
fudicial	NNLO
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Anatomy	for	QCD	correc3ons	at	N3LO

Pure	virtual double-virtual	real

Virtual-real-real	 Triple	real

<latexit sha1_base64="Ppwc/YlK0HWBqnddp8YNqAXOEkU=">AAACJHicbZDLSgMxFIYz9Vbrbbzs3AwWwVWZUakuC266rGAv0NaSSTNtaCYJyRmhHfourgR9Fnfiwo3v4c70srCtPwR+/nMO5+QLFWcGfP/Lyaytb2xuZbdzO7t7+wfu4VHNyEQTWiWSS90IsaGcCVoFBpw2lKY4Djmth4O7Sb3+RLVhUjzAUNF2jHuCRYxgsFHHPWlFGpM0GKctqgzjUjwWxx037xf8qbxVE8xNHs1V6bg/ra4kSUwFEI6NaQa+gnaKNTDC6TjXSgxVmAxwjzatFTimpp1Orx975zbpepHU9gnwpunfiRTHxgzj0HbGGPpmuTYJ/6s1E4hu2ykTKgEqyGxRlHAPpDdB4XWZpgT40BpMNLO3eqSPLQ6wwBa2ABuMFn6Rql6kuAQzYRUsk1k1tctCUCxc3V/nS+U5tSw6RWfoAgXoBpVQGVVQFRE0Qs/oFb05L8678+F8zlozznzmGC3I+f4FaSumgw==</latexit>
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Virtual	diagrams	known	since	2009	
(Baikov	et	al.,	2009;	Gehrmann	et	al.,	
2010)	

Main	challenging:	cancelling	of	infrared	
singulari3es	from	phase	space	integrals	
and	loop	integrals
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A	NNLO	solu3on:	qT	subtrac3on/slicing	method

The	most	singular	infrared	region	resides	at	pTγ	=	0

<latexit sha1_base64="2gMRQbbnheuDa1iG7Jp02USvesM="></latexit>

~p�
⇤

T = �~p jet
T

Cluster	all	QCD	partons	into	a	single	jet
Catani,	Grazzini,	2007

Contains	the	most	singular	region Degree	of	divergence	reduce	by	one	order

largely	universal process	dependent
<latexit sha1_base64="MKMhmFyVIDzkWmc+dG+oAUffybs="></latexit>

d�(< pcutT ) = d�(tot)� d�(> pcutT ) Known	to	N3LO:	NNLOJet/MCFM

Hard	to	get	the	<	pTcut	contribu3on	beyond	NNLO!	
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Effec3ve	Field	Theory	assisted	Slicing	method	
<latexit sha1_base64="MKMhmFyVIDzkWmc+dG+oAUffybs="></latexit>

d�(< pcutT ) = d�(tot)� d�(> pcutT )

Admit	a	factorizaLon	descripLon
Can	be	directly	calculated	in	Sob-Collinear	
EffecLve	Theory

First	applica3on	of	EFT	idea	to	NNLO	fixed-order	calcula3on:	top-quark	decay@NNLO	(J.	Gao,	C.S.	Li,	
HXZ,	2012)	

Can	be	generalized	to	other	processes:	

tbar	producLon	at	hadron	colliders	(C.S.	Li,	H.T.	Li,	D.Y.	Shao,	L.L.	Yang,	HXZ,	2012-2013;	Catani,	
Grazzini,	Torre,	2014;	Catani,	Devoto,	Grazzini,	Kallweit,	Mazzitelli,	2019)	

N-jeuness	subtracLon	(Boughezal,	Focke,	X.H.	Liu,	Petriello,	2015;	Gaunt,	Stahlhofen,	Tackmann,	
Walsh,	2015)

<latexit sha1_base64="8J2TXnjQFcFx4nasEdWrttDbILg="></latexit>
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TMD	beam	
funcLon

TMD	sob	
funcLon

Main	challenge:		

• N3LO	effec3ve	theory	phase	space	
integrals	

• Rapidity	divergence	not	regularized	by	
dimensional	regulariza3on
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TMD	sol	func3on	at	N3LO
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Y.	Li,	HXZ,	1604.01404	
See	also	recent	lauce	calculaLon:		
Q.A.	Zhang,	X.D.	Ji,	P.	Sun,	W.	Wang,	Y.B.	Yang	et	al.,	2005.14572	
Y.	Li,	X.	Feng,	C.	Liu,	et	al.,	2106.13027

+	……

ExponenLal	
regularizaLon

AnalyLc	ansatz	from	
a	space	of	HPLs

Bootstrap	from	
threshold	limit

Anastasiou,	Duhr,	
Dulat,	Mistlberger;		
Y.	Li,	HXZ;		
Duhr,	Gehrmann;		
Y.	Li,	von	
Manteuffel,	
Scharbinger,	HXZ;		
HXZ
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TMD	Beam	func3on	at	N3LO
Bbare
q/N (x, b?) =
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<latexit sha1_base64="PwfqkmzBQHKYzn1x69LfEFBQ/Vk="></latexit>

Main	complexity:	
rapidity	regulariza3on

Z
d3pi
2Ei

exp(�⌧b0Ei)

<latexit sha1_base64="MFhBmV7FFIDEcIxj0wCNHMQZ5ho="></latexit>

M.X.	Luo,	T.Z.	Yang,	HXZ,	Y.J.	Zhu,	1912.05778	
see	also	Ebert,	Mistlberger,	Vita,	2006.05329
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Merging	EFT	and	full	theory	calcula3on

H
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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>

In	the	following	I	will	present	the	results	for	gamma*	only.	

Since	QCD	correcLons	are	largely	insensiLve	to	underlying	EW	vertex,	results	are	a	good	reference	for	Z/W±.

SCET	+	power	correcLons
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Valida3ng	qT	factoriza3on

FactorizaLon	predicLon	from	SCET	
valid	at	small	pT	region	

The	difference	between	full	QCD	and	
SCET	(non-singular)	should	vanishes	
at	small	pT	

Non-trivial	confirmaLon	of	the	
validity	of	perturbaLve	factorizaLon	
up	to	NNNLO

X.	Chen,	Gehrmann,	Glover,	Huss,	T.Z.	Yang,	HXZ,	2107.09085
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N3LO	calcula3on	DY	from	qT	subtrac3on

• Accidentally	small	NNLO	correcLons	
due	to	large	cancellaLon	between	qq	
and	qg	channel	

• N3LO	correcLons	comparable	with	
NNLO	ones,	can’t	be	ignored!

X.	Chen,	Gehrmann,	Glover,	Huss,	T.Z.	Yang,	HXZ,	2107.09085
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First	results	on	N3LO	differen3al	distribu3on

Anastasiou,	Dixon,	Melnikov	,	Petriello,	2003

X.	Chen,	Gehrmann,	Glover,	Huss,	T.Z.	Yang,	HXZ,	2107.09085

• Large	N3LO	correcLons	to	Y	
distribuLon	compared	with	NNLO	

• Scale	uncertainty	band	do	not	
overlap	between	NNLO	and	N3LO!



• Remarkable	progress	in	precision	program	at	the	LHC	from	both	experiment	and	theory	
sides	

• Many	phenomenology	important	processes	have	been	computed	to	NNLO.	
AutomaLon?	

• A	few	landmark	processes	have	been	achieved	N3LO	accuracy.	This	talk:	Drell-Yan	
rapidity	distribuLon	at	N3LO	

• Methods	can	be	applied	to	more	complex	processes,	such	as	diboson	producLon	

• New	opportuniLes:	precision	SM	phenomenology,	precision	QCD	studies	at	N3LO
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Summary	and	outlook


