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Deceptively	simple	Lagrangian,	with	astonishingly	rich	phenomena.

In	high	energy	e+e-	collider	we	have	access	to	QCD	through	qqbar	
production	and	subsequent	bremsstrahlung.

With	a	new	e+e-	collider,	we	should	aim	for	precision	QCD	measurements,	
and	exploration	of	new	phenomena	in	QCD.

There	is	no	need	to	TEST	QCD	as	the	correct	theory	of	strong	interaction.



• How	to	achieve	the	ultimate	precision	for	alphaS	at	the	CEPC	?


• Can	we	see	gluon	spin	interference	at	the	CEPC	??


• How	to	observe	entanglement	from	non-global	observables	at	the	
CEPC	???


• Can	we	quantitatively	understand	hadronization	????
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Outline	for	this	talk

Disclaimer	#1:	this	is	not	a	review	talk,	many	important	subjects	are	not	covered	due	to	time	
restriction	and	the	speaker’s	ignorance.

Disclaimer	#2:	there	is	probably	no	definite	answer	to	the	questions	above.	Opportunities	for	
future	studies.
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• How	to	achieve	the	ultimate	precision	for	alphaS	at	the	CEPC	?
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The	legacy	of	LEP

Hoang, Kolodrubetz, Mateu, Stewart, 2015

see also recent study: Luisoni, Monni, Salam, 2012.00622

LEP	provided	the	largest	data	set	and	the	closest	to	world	
average	determination	so	far.

But	also	notable	outliers	in	most	accurate	calculations

Looking	ahead	to	the	future,	can	theorists	come	up	with	
new	ideas	to	solve	this	decade-long	challenge?


soft-drop	observables	(new)

Energy	correlators	(old	but	with	new	understanding)

Theory	hadronization	
uncertainties	dominated
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Precision	soft-drop	observables

credit:	Larkoski

thrust

jet	mass

Marzani	et	al.,	1906.10504 Honnesdottir,	Pathak,	Schwartz,	Stewart,	Boost	2021

• For	jet	mass,	sensitivity	to	
alphaS	is	retained	for	un-
normalized	distribution.


• Theory	precision	is	very	
important	here!
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Energy	correlators
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Basham,	Brown,	Ellis,	Love,	1978

Generalizable	to	multiple	point:
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H.	Chen,	Moult,	X.Y.	Zhang,	HXZ,	2004.11381

Moult,	Patrick,	Thaler,	HXZ,	in	preparation
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• Can	we	see	gluon	spin	interference	at	the	CEPC	??



42	years	of	Gluon	discovery

￼





But	does	gluon	interference	with	itself	?



A	spin	double	slit	experiment	for	gluon

￼



tter	understanding	of	gluon->bb	splitting

A	step	towards	Bell-type	experiment	with	gluon

EEEC



Spin	interference	through	parton	shower

￼

tic	resummation

Excellent	agreement	validate	the	shower	
implementation	of	spin	correlation

H.	Chen,	Moult,	HXZ,	2011.02492

Karlberg,	Salam,	Scyboz,	Verheyen,	2103.16526

Spin	correlation	in	Lund	plane Karlberg,	Salam,	Scyboz,	Verheyen,	2103.16526

Also	leads	to	promising	new	observable
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• How	to	observe	entanglement	from	non-global	
observables	at	the	CEPC	???
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Non-global	logarithms	

Dasgupta,	Salam,	2002

Banfi-Marchesini-Smye	equation
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Formally	analogous	to	Balitsky-Kovchegov	equation,	
small-x	physics	in	jet?	

Unlike	BK,	perturbative	boundary	condition.	Can	be	
solved	iteratively	in	alphaS:

single	log

Entanglement	between	in	and	out	region

Theoretically	very	interesting	effects.	But	experimentally	has	never	been	confirmed.

Requires:	single	logarithmic	observables;	absent	of	or	well-controlled	global	
logarithms;	not	contaminated	by	non-perturbative	effects.
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Example:	Rapidity	gap	in	e+e-

thrust	axis

Banfi,	Dreyer,	Monni,	2104.06416

See	also:	Caron-Huot,	1501.03754

Becher,	Neubert,	Rothen,	D.Y.	Shao,	1508.06645

Larkoski,	Moult,	Neill,	1501.04596



￼15

• Can	we	quantitatively	understand	hadronization	????
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What	is	hadronization	?

credit:	Peter	Skands

Real	time	quantum	evolution,	can	not	be	simulated	on	Euclidean	lattice.	Only	a	real	
collider	can	provides	clues	to	the	BIG	QUESTION!	
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Conservation	law	and	generalized	fragmentation

credit:	Peter	Skands

How	to	incorporate	correlation	effects	in	
fragmentation	model?

Track	function	evolution
Chang,	Procura,	Thaler,	Waalewijn,	1303.6637

LO	evolutoin:	already	highly	nonlinear

Track	function	evolution	beyond	LO:	
mesh	very	well	with	energy	correlators!
Y.B.	Li,	Moult,	van	Velzen,	Waalewijn,	HXZ,	2108.01674

Y.B.	Li,	Moult,	van	Velzen,	Waalewijn,	HXZ,	2108.01674
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Decoding	the	time	evolution	of	jets

art	work	

DGLAP
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Decoding	the	time	evolution	of	jets
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AK5 Jets, |¥jet| < 1.9

pjet
T 2 [375, 425] GeV

CHS, pPFC
T > 1 GeV

PRELIMINARY

¢R = 0.5

CMS 2011 Open Data

CMS 2011 Simulation

Pythia 6 Generation

Moult,	Patrick,	Thaler,	HXZ,	in	preparation

time
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now	turns	into	measurable	quantity
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• QCD	at	e+e-	colliders	remain	exciting


• New	potential	for	ultimate	precision


• Novel	QCD	phenomena	awaiting	discovery


• Deep	theory	puzzle	calls	for	new	data
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Summary

credit:	Peter	Skands


