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Outline	

SimulaBng	sca%ering	of	two	parBcles	with	spin	on	the	laPce	

•  moBvaBon		

•  the	relaBon	to	extract	the	sca%ering	matrix	from	energies	is	known	
						[Collin	Morningstar’s	talk]	
	
•  construcBon	of	operators		(interpolators)		
						by	three	different	methods	that	give	consistent	results:	reassuring	

•  example:	Nucleon-pion	sca%ering	in	the	channel	with	JP=1/2+		
	

																																				laPce	results	and	implicaBons	for	the	Roper	resonance	
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•  	most	detailed	sca%ering	results	exist	only	for		spin-less	parBcles	
	
											ππ		,	Kπ,		KK,	DK,	Dπ,	...	
					
•  H(1)	H(2)	:	where	one	or	both	H	carry	spin	was	explored	mostly	only	for	L=0	
	
																						many	interesBng	channels	sBll	unexplored,	parBcularly	for	L>0	
	
																					there	are	only	few	simulaBons	for	L>0	using	Luscher-type	method:		
																						example:		Amy	Nicholson’s	talk:	
																										Two-Nucleon	Higher	par:al	wave	sca;ering	from	LQCD	
																										Berkowitz,	Kurth,	Nicholson,	Joo,	Rinaldi,	Strother,	Vranas,	Walker-Loud	
																										1508.00886,	Phys.	Le%.	B	(2017)	
																										talks	by	Morningstar	and	Hortz	
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Current	status		
of	hadron-hadron	sca%ering	from	laPce	



MoBvaBon		
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•  	in	laPce	QCD:	

								hadron-hadron	sca%ering		H(1)	H(2)			
								where	H	is	one	of	P,V,N	hadrons,	which	is	(almost)	stable	with	respect	to	strong	decay:			

P=psuedoscalar	(JP=0^-)				=	π	,	K,	D,	B,	ηc	,	...	

	V=vector												(JP=1^-)				=	D*,	B*,	J/ψ,	ϒb	,	Bc*,...						(but	not		ρ	as	is	unstable...)	
	N=nucleon								(JP=1/2^+)	=	p,	n,	Λ,	Λc,	Σ,	...															(but	not		N-(1535)	as	is	unstable...)	

	

I	will	consider	interpolators	for	channels	:	

PV:	meson	resonances	and	QQ-like	exoBcs	(for	example	Zc	in	π	J/ψ,	D	D*	..)	

PN,	VN:	baryon	resonances	(e.g.	in		π	N,	K	N	...)	and	pentaquarks	(e.g.	Pc	in	J/ψ	N	channel)		

NN:	nucleon-nucleon	and	deuterium,	baryon-baryon			

	
•  in	any	laPce	field	theory	(beyond	SM)	

	

							sca%ering	channels	with	vector	bosons	and	fermions	
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							-	two	spinless	parBcles	Luscher	(1991):		
	
							-	two	parBcles		with	arbitrary	spin			
										Briceno,	PRD89,	074507	(2014)	

										(other	authors:	some	specific	cases)		

The	need	for	interpolators	
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sca%ering	matrix:	S=	I	+	i	M	=	e2iδ	

related	to	eigen-energy	En	

Oi (t) Oj
+(0) → En → scattering matrix M

RelaBon	between	sca%ering	matrix	M	and	energies	En	are	known		

O=HH	needed	to	create/annihilate	HH		



Some	previous	related	work	on	laPce	HH	operators		
for	hadrons	with	spin	and	L≠0		
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ParBal-wave	method	for	HH:		
Berkowitz,	Kurth,	Nicolson,	Joo,	Rinaldi,	Strother,	Walker-Loud,	1508.00886		
Wallace,	Phys.	Rev.	D92,	034520	(2015),	[arXiv:1506.05492]	
	
ProjecBon	method	for	HH:		
M.	Göckeler	et	al.,	Phys.Rev.	D86,	094513	(2012),	[arXiv:1206.4141].		
	
Helicity	operators	for	single-H:		
Thomas,	Edwards	and	Dudek,	Phys.	Rev.	D85,	014507	(2012),	[arXiv:1107.1930]	
	
Some	aspects	of	helicity	operators	for	HH:		
Wallace,	Phys.	Rev.	D92,	034520	(2015),	[arXiv:1506.05492].			
Dudek,	Edwards	and	Thomas,	Phys.	Rev.	D86,	034031	(2012),	[arXiv:1203.6041].		
	
Which	CG	of	H1	and	H2	to	H1H2	irreps	are	nonzero;	values	of	CG	not	published:	
Moore	and	Fleming,	Phys.	Rev.	D	74,	054504	(2006),	[arXiv:hep-	lat/0607004].		
	
Tetraqurak	operators	(appeared	a�er	our	paper	on	operators)	
Cheung,	Thomas,	Dudek,	Edwards	[1709.01417,	JHEP	2017]	
	
etc	...		
	
However:		for	a	laPce	pracBBoner	who	was	interested		in	a	certain	channel,	for	example	
(PV	sca%ering	in	L=2	or		VN	sca%ering	with	λV=1	and	λN=1/2)			
there	were	sBll	lots	of	puzzles	to	beat	before	construcBng	a	reliable	interpolator	..			



ConstrucBng	HH	operators	for	sca%ering	with	spin:		
outline	
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•  three	different	methods	to	construct	operators	
	
•  illuminate	the	proofs	(given	in	the	paper)	
	
•  verify	they	lead	to	consistent	operators	(that	gives	confidence	in	each	one	of	them)	
	
•  they	lead	to	complementary	physics	info	
	
•  present	explicit	ops	for	PV,	PN,	VN,	NN	for	lowest	two	momentum	shells.		

based	on		S.	P.,	U.	Skerbis,	C.B.	Lang:	arXiv:1607:06738,	JHEP	2017	



We	restrict	to	total	momentum	zero	
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H(1)(p)	H(2)(-p)		,		Ptot=0	
	
Advantage	of		Ptot=0:		
•  parity	P	is	a	good	number				
•  channels	with	even	and	odd	L	do	not	mix	in	the	same	irrep			

not	true	for	Ptot≠0	
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	Building	blocks	H:	required	transformaBon	properBes	of	H	

rotaBons	R					Wigner	D	matrix																															inversion	I	

state	
	

creaBon	field	

	

annihilaBon	field	

ms		is	a	good	quantum	number	at	p=0:		
ms	is	not	good	quantum	number	in	general	for	p≠0:	in	this	case	it	denotes	eigenvalue	of	Sz	of	corresponding	Hms(p=0)	

to	prove	correct	transformaBon	properBes	of	HH	

note:		

D	èD*	



Non-pracBcal	choice	of	Hms(p):	canonical	fields	H(c)	
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L(p)	is	boost	from	0	to	p;					drawback:	H(c)(p)	depend	on	m,	E,..	

with	correct	transformaBon	properBes	under	R	and	I	



Non-pracBcal	choice	of	H:	canonical	fields	H(c)	
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L(p)	is	boost	from	0	to	p;					drawback:	H(c)(p)	depend	on	m,	E,..	

with	correct	transformaBon	properBes	under	R	and	I	

							PracBcal	choice	of	Hms(p)			
with	correct	transformaBon	properBes	under	R	and	I	

These	H	are	employed	as	building	block	in	our	HH	operators																		simple	examples	



relevant	rotaBons:																													:		O	with	24	el.	for	J=integer	;	O2	with	48	elements	for	J=half-integer	
The	group	including	inversion	I:									Oh	with	48	el.	for	J=integer	;	O2

h	with	96	elements	for	J=half-integer	

	

The	representaBon		OJ		is	irreducible	under	conBnuum	R,	but	it	is	reducible	under	discrete	R	in	O(2).		

The	operators	should	transform	according	to	certain	irreducible	representaBon	Γ	and	its	row	r.			

Required	transformaBon	properBes	of	O=HH	
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T(R)	given	for	all	irreps	in		
Bernard,	Lage,		Meißner,	Rusetsky,		
JHEP	2008,	0806.4495	
We	use	same	convenBons	for	rows.		

good	parity	since	Ptot=0	!	

conBnuum	R	

discrete	R	



“seed”:	Each	Ha	can	have	any	polarizaBon	ms	
and	direcBon	p	with	given	|p|.	Different	choices	
lead	to	different	linearly	independent	On	

Method	I:	ProjecBon	operators	

12	

	
Some	examples	for	|p|=1:	
PV	in	T1+		,	nmax=2:	

PN	in	H+		,	nmax=1:	

VN	in	H-		,	nmax=3:	

	

Disadvantage:	

not	informaBve	which	
conBnuum	numbers										
(parBal	wave	L	or	helicity	)	
each	On	corresponds		

	

This	is	remedied	in	next	two	
methods	

T(R)	given	for	all	irreps	in		
Bernard,	Lage,		Meißner,	Rusetsky,		
JHEP	2008,	0806.4495		
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Proof	(in	our	paper	and	next	slide):	the	correct	transformaBon	properBes	
	

	follow	from	transformaBons	of	H	(slide	8)	and	properBes	of	C,	Ylm	and	D.	

	

Example		of	PV	operators		
		
	
	
SubducBon	to	irreps	discussed	later	on.			

Method	II:	ParBal-wave	operators	
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Proposed	for	NN	in	[Berkowitz,	Kurth,	Nicolson,	Joo,	Rinaldi,	Strother,	Walker-Loud,	CALLAT,	1508.00886]	There	Ylm*	appears	where	we	have	Ylm	

Clebsch-Gordans																								Spherical	Harmonics	

building	blocks	H		

menBoned	on	slide	10	(bo%om)			StarBng	annihilaBon	operator		
(before	sobducBon		to	irreps)	

	



Proof:	parBal-wave	operators	
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Proof	of	correct	transformaBon	properBes:		

14	



Method	III:	helicity	operators	
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•  building	blocks		in		parBal-wave	operators		are	Hms(p)	and	ms	is	not	good	for	p≠0:	
	
•  Helicity	λ	is	projecBon	of	S	to	p.	It	is	good	also	for	parBcles	in	flight	

•  DefiniBon	of	single-hadron	helicity	operator	
								
•  Helicity	is	not	modified	under	R	(p	and	S	transform	the	same	way)	

•  Two-hadron	O:		

	

•  Proof:		

[HH	in	conBnuum:	Jacob,	Wick	(1959)]	
[for	single	H	on	laPce:	HSC,	Thomas	et	al.	(2012)]	
[not	widely	used	for	HH	on	laPce	yet]	

p	is	arbitrary	momentum	in	given	shell	|p|;		R	does	not	modify	λ1,2	,	so	H1,2	have	chosen	λ1,2	in	all	terms		

rotaBon	from	pz	to	p	

good	ms	

R’=RaR	

denoted	by	superscript	h	



Method	III:	helicity	operators	(conBnued)	
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Using	definiBons	of																																																														and	parity	projecBon		

•  H	are		building	blocks	from	slide	10	(bo%om):	acBons	of	R	and	I	on	Hms(p)	are	given	in	slide	8	
•  p	is	arbitrary	momentum	in	given	shell	|p|;	there	are	several	choices	of	R0p	which	rotate	from	pz	to	p:	

								-	these	lead	to	different	phases	in	definiBon	of	Hλ
h	:	inconvenience	

												-	but	they	lead	to	the	same	O	above	(modulo	irrelevant	overall	factor):	so	no	problem	for	such	construcBon	

•  Simple	choice	for	momentum	shell	|p|=1	:		p=pz			and		R0p=IdenBty	

•  paper	provides	details	how	to	use	funcBons	from	MathemaBca	for	construcBon,	also	since	MathemaBca	uses	non-convenBonal	defniBon	of	D		

	

	

	

	

																																																																		

,	choice	of	sign	in	our	paper	

p	is	arbitrary	momentum	in	given	shell	|p|	



SubducBon	of	OJ,mJ	to	irreducible	representaBons		
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ParBal-wave	operators			O	J,	mJ,	L,	S	

	

Helicity	operators												O	J,	mJ,	λ1,	λ2	

The	representaBon	OJ	is	irreducible	under	conBnuum	R.	
But	it	is	reducible	under	R	in	discrete	group	laPce	O(2).		

Operators	that	transform	according	to	irrep	Γ	and	row	r	obtained	via	subducBon.				

SubducBon	matrices	S	
[Dudek	et	al.,	PRD82,	034508	(2010)	

	Edwards	et	al,	PRD84,	074508	(2011)]	

conBnum	R	 discrete	R	in	discrete	group	O(2)	
subducBon	

Single-hadron	operators	H:	experience	by	Hadron	Spectrum	collaboraBon	Phys.	Rev.	D	82,	034508	(2010)	
•  subduced	operators	O[J]

Γ		carry	memory	of	conBnuum	spin	and	dominantly	couple	to	states	with	this	J	

ExpectaBon	for	parBal-wave	and	helicity	operators	HH	obtained	by	subducBon	:	

•  																									would	dominantly	couple	to	eigen-states	with	conBnuum	(J,L,S)	

•  																								would	dominantly	couple	to	eigen-states	with	conBnuum	(J,λ1,λ2)	

valuable	for	simulaBons	

give	physics	intuiBon	on	quant.	num.			

one	last	step	before	reaching	the	results	...			



Example:		
P(p)V(-p)	operators	

row=1	provided	

ConvenBons	for	row	
Bernard	et	al.	,	0806.4495		

rows	of	T1:	(x,y,z)	

rows	of	T2:	(yz,xz,xy)	

other	irreps:	O=0		
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Example:		
P(p)V(-p)	operators	

Sasa	Prelovsek	

projecBon	operators	

helicity	operators		

parBal-wave		operators	

JP=1+,	λV=0	

JP=1+,	λV=1	

JP=1+,	S=1,L=0	

JP=1+,	S=1,L=2	

provides	lin.	combinaBon	of	projecBon	operators	On	that	
enhances	the	coupling	to	state	with	conBnuum	(JP,	λV)	

provides	lin.	combinaBon	of	projecBon	operators	On	that	
enhances	the	coupling	to	state	with	conBnuum	(JP,	S,L)	

row=1	provided	

ConvenBons	for	row	
Bernard	et	al.	,	0806.4495		

rows	of	T1:	(x,y,z)	

rows	of	T2:	(yz,xz,xy)	

other	irreps:	O=0		
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P(1)V(-1)	operators,	T1+,	row=r=1	
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JP=1+,	S=1,L=0	

JP=1+,	S=1,L=2	
	
JP=1+,	λV=0	
JP=1+,	λV=1		

projecBon	op.	
	
parBal-wave	op.	
	
	
helicity	op.	

ParBal-wave	and	helicity	operators	expressed	in	terms	of	projecBon	operators	throughout		
and	consistency	is	found.			
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Explicit		expressions	all	for	H(1)(p)H(2)(-p)	
		
-	PV,	PN,	VN,	NN		
	
-	in	three	methods		
	
-	all	irreps,	|p|=0,1	
	
given	in	[S.	P.,	U.	Skerbis,	C.B.	Lang,		arXiv:1607:06738,	JHEP	2016]	
	
operators	from	three	methods	are	consistent	(not	equal)	with	each	other	
	
RelaBon	between	parBal-wave	and	helicity	operators	is	derived	

Results	for	operators	



Nπ	sca%ering	in	½+	and	the	Roper	resonance	
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C.B.	Lang,	L.	Leskovec,	M.	Padmanath,	S.P.	

Phys.	Rev.	D	95	(2017)	014510;		hep-lat:1610.01422	

Sasa	Prelovsek	
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	Brief	intro	to	Roper	resonance		

€ 

uud

Sca%ering	of	parBcles	with		spin	Sasa	Prelovsek	

Puzzling	since	its	discovery	in	1964	by	L.D.	Roper.		
In	parBcular:	why	is	it	lighter	than	N(1535)	with	½-	?		



Some	previous	simulaBons	of	the	proton/Roper	channel:	JP=1/2+	

24	

•  all	used	just	O=qqq	interpolators	(with	excepBon	of	Adelaide	1608.03051	which	did	not	find	two-hadron	state	in	spite	of	that)		
•  ignored	that	Roper	is	strongly	decaying	resonance	

•  assumed	that	E1=mN	(correct)		

																															E2=mR		(not	correct);			E2	could	in	principle	be	energy	of	Nπ	eigenstate			

Sca%ering	of	parBcles	with		spin	

E2	

E1=mN		

Sasa	Prelovsek	



LaPce	simulaBon	
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•  Wilson	clover	fermions	
	
•  Lowest	non-interacBng		N(1)π(-1)	states	in	p-wave	expected	at	

							This	is	in	the	Roper	resonance	region:	favorable		

E ≈ ( 2πL )
2 +mπ

2 + ( 2πL )
2 +mN

2 ≈1.5GeV



ImplemenBng	meson-nucleon	interpolators	in	JP=1/2+	channel		
(for	the	first	Bme	in	this	channel)	
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Nπ	in	p-wave:	irrep	G1
+	

all	three	methods	give	one	and	the	same	O	

“La.ce	operators	for	sca;ering	of		

par:cles	with	Spin”,	JHEP	2017,	

S.	P.,	U.	Skerbis,	C.B.	Lang		

Nσ	in	s-wave	

momenta	of	hadrons	in	units	of	2π/L	

•  only	total	momentum	P=0	is	simulated	

•  P≠0	not	used	(since	p-wave	mixes	with	s-wave)	

Sasa	Prelovsek	



CompuBng	10x10	matrix	C:		Wick	contracBons			

27	

part	of	them	are	similar	as	in	Nπ	in	s-wave		
[Verduci,	Lang,		PRD	2013]	plots	taken	from	there	

•  just	part	of	Wick	contracBons	plo%ed	
•  computaBonal	challenge:		

-					all-to-all	quark	propagators	needed;			

-  full	disBllaBon	employed	[Peardon	et	al,	2009]	

π (p) =

π (p) = eipx
x
∑ d (x)γ5u(x)

Cij (t) = Zi
n

n
∑ Z j

n*e−Ent

C(t)v(n) (t) =C(t0 )λ(t)v
(n) (t) [Luscher	&	Wolf	1991,		

Blossier	et	al	2009]		



En:	dependence	on	the	interpolators	used	
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note	again:		
total	momentum	P=0	
	
N(0)π(0)	not	possible		
for	p-wave	
	
lowest	non-interacBng		
Nπ	state	is	N(1)π(-1)	
	
	
	

p=	1	*	2π/L	

Sasa	Prelovsek	

mN+2m	π	



Final	En	and	overlaps	Zin=<Oi|n>	
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N(1)π(-1)	laPce	eigenstate	established	in	½+	channel		
for	the	first	Bme:	related	to	problems	of	“excited-state	
polluBon”	of	nucleon	observables	by	Nπ			[work	by	Baer]	
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(A)	ExpectaBon	from	elasBc	Nπ	sca%ering		
based	on	low-lying	Roper	(from	experimental	δ	Nπ	)	

E	not	precise	enough	to	reliably	determine	ΔE	and	δ:	not	unexpected	for	mπ≈156	MeV	!!	
AlternaBve	path	to	reach	physics	conclusions	from	the	results.		
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(A)	ExpectaBon	from	elasBc	Nπ	sca%ering		
based	on	low-lying	Roper	(from	experimental	δ	Nπ	)	

mexp	Roper	
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(A)	ExpectaBon	from	elasBc	Nπ	sca%ering		
based	on	low-lying	Roper	(from	experimental	δ	Nπ	)	

•  our	laPce	data	is	qualitaBvely	different	from	the	predicBon	of	the	
resonaBng	Nπ	phase	shi�	for	the	low-lying	Roper	resonance,	
assuming	it	is	decoupled	from	other	channels	

•  the	scenario	of	mainly	elasBc	low-lying	Roper	is	not	supported	by	
our	laPce	data	

•  this	calls	for	other	possibiliBes:	one	possibility	is	that	the	coupling	
of	Nπ	with	other	channels	(Nσ	or	Nππ)	is	essenBal	for	low-lying	
Roper	resonance	in	experiment:		

					this		is	dubbed	dynamically	generated	Roper	resonance	
						[Krehl,		Hanhart,		Krewald,	Speth,	PRC	62	025207	(2000),		
							many	other	follow	up-works]					

Sasa	Prelovsek	

mexp	Roper	



(B)	3	scenarios	with	coupled	Nπ	−	Nσ	−	Δπ	sca%ering		
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α=	Nπ	,	Nσ,	Δπ		

bare	baryon	

3	scenarios,	which	all	fit	
experimental	Nπ	sca%ering	well			

I	:	with	bare	Roper		B0													
with	bare	nucleon																							
no	coupling	between	Nπ	−	Nσ		

II	:	without	bare	Roper	B0						
with	bare	nucleon	N;																								
with	strong	Nπ	−	Nσ		coupling		

III:	without	bare	Roper	B0						
with	bare	nucleon	N;																								
with	strong	Nπ	−	Nσ		coupling		

caveat:	σ	treated	as	stable	

Hamiltonian	EFT	study	of	Roper	
Adelaide	group,	Leinneweber	et	al,		
PRD	2017,	1607.04536	

Nπ	phase	shi�	

inelasBcity	
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(B)	3	scenarios	with	coupled	Nπ	−	Nσ	−	Δπ	sca%ering		
3	scenarios,	which	all	fit	
experimental	Nπ	sca%ering	well			

I	:	with	bare	Roper		B0													
with	bare	nucleon																							
no	coupling	between	Nπ	−	Nσ		

II	:	without	bare	Roper	B0						
with	bare	nucleon	N;																								
with	strong	Nπ	−	Nσ		coupling		

III:	without	bare	Roper	B0						
with	bare	nucleon	N;																								
with	strong	Nπ	−	Nσ		coupling		

predicted	En	for	PACS-CS	laPce	with	L=2	fm	
in	3	scenarios	on	previous	page			

our	laPce	
results	

comparing	analyBc	predicBons		

	and	laPce	data:		

•  scenario	I	disfavoured	
•  scenarios	II,	III	favoured	
-  Roper	as	dynamically	generated	

resonance	favoured	

Sasa	Prelovsek	

Hamiltonian	EFT	study	of	Roper	resonance	
Adelaide	group,	Leinneweber	et	al,		
PRD	2017,	1607.04536	
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(B)	Scenarios	with	coupled	Nπ	−	Nσ	−	Δπ	sca%ering		
Structure	of	the	Roper	resonance	from	La.ce	QCD	constraints		
Adelaide	group,	Leineweber	et	al.	1703.10715	

•  analysis	of	our	laPce	data	within	Hamiltonian	EFT		
							
•  Two	different	descripBons	of	the	exisBng	pion-nucleon	sca%ering	data	in	the	region	of	the	Roper	

resonance	are	constructed.	
•  	Both	descripBons	fit	the	experimental	data	very	well.		

•  ConsideraBon	of	the	finite	volume	spectra	enable	a	discriminaBon	of	these	two	different	descripBons.		
•  LaPce	data	supports		the	scenario	where	
								-		the		Roper	resonance	is	the	result	of	strong	resca%ering	between		coupled	meson-baryon	channels			
								-		the		quark-model	like	state	(first	radial	excitaBon	of	the	nucleon)	is	heavy,	approx.	2	GeV	

If	this	is	the	case,	the	prospects	of	rigorous	laPce	treatment	will	be	challenging:	
-	coupled	channel	sca%ering	
-  three-body	Nππ	decay:	relaBon	of	E	and	sca%ering	matrix	under	development		
								[Rusetsky,	Sharpe,	Hansen,	Briceno..]		
								sca%ering	matrix	has	never	been	extracted	within	QCD	
Sasa	Prelovsek	



Conclusions	
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(1)		H1(p)H2(-p)	operators	constructed	for	sca:ering	of	par<cles	with	spin		

•  	Consistent	results	found	in	three	methods:	PV,	PN,	VN,	NN		
²  ProjecBon	operators	On:		gives	li%le	guidance	on	underlying	quantum	numbers	

²  ParBal-wave	operators:	provides	linear	combinaBons	On	to	enhance	coupling	to	(J,	S,	L)	

²  	Helicity	operators:		provides	linear	combinaBons	On	to	enhance	coupling	to	(J,	P,	λ1,	λ2)	

	

•  Operators	will	lead	to	En	of	HH.		These	are	related	to	sca%ering	matrix	by	a	known	relaBon.	
	
(2)	la@ce	simula<on	of	Nπ	sca:ering	in	p-wave	,	JP=1/2+		
	
•  		meson-baryon	eigenstates	(Nπ	and	Nππ)	are	idenBfied	for	the	first	Bme	in	this	channel	
	
•  the	scenario	of	the	low-lying	Roper	that	is	mainly	elasBc	in	Nπ	is	not	supported	by	our	data	
			
•  coupling	of	Nπ	with	other	channels	(Nσ	or	Nππ)	seems		important	to	render	low-lying	Roper	in	exp	
	
•  this	step	was	only	the	first	on	in	more	to	follow	....		
	



Thanks	

•  construcBon	of	operators:	C.B.	Lang,	U.	Skerbis		
																																																						R.	Briceno	

•  Nπ	sca%ering:	C.B.	Lang,	M.	Padmanath,	L.	Leskovec	
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