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LaMce	QCD:	brief	intro	

1	

LQCD = − 1
4Gµν

a Ga
µν + qiγµ (

q=u,d,s,c,b,t
∑ ∂ µ + igs Ga

µ T a )q−mqqq

input: gs , mq

output: hadron properties
            hadron interactions 

 DG Dq Dq e
−SQCD /!

∫   

€ 

SQCD = d4x LQCD[G(x), q(x)∫ , q (x)]
																																																																	

L	

a	

x,t	(Minkovsky)	g		x,	i	t		(Euclidean)	

Numerical	evalua;on	of	QFT	Feynman	path	integrals	on		
discre;zed	Eucledian	space-;me	

I	will	concentrate	on	the	recent	results	on	
²  hadron	spectroscopy	
²  weak	transi;ons	between	hadrons	
obtained	from	laMce	summer	2016	(and	some	older	la[.	results	relevant	due	to	very	recent	exp.	discoveries)	
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Spectrum		
	
of	hadrons	containing	c,	b	
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Excited	cc,	D,	Ds	disregarding	strong	decays	and	thresholds	

2	

S-wave

P-wave

D-wave

F-wave

G-wave
Part of

HSC,	JHEP	2016	
1601.01073	

mπ=240	MeV	

(previously	mπ=400	MeV)	

	

states	above	thresholds		
treated	as	strongly	stable;		

effects	of	thresholds	not		

accounted	for	on		

near-threshold	states		

	
red	and	blue	are	

candidates	for	hybrids		

with	excited	glue		

	
most	of	these	states		

(J=3,4	or	exo;c	JPC=1-+,2+-,..)	

	yet	to	be	experimentally		

discovered	!!	
	

											other	colors			lat	

																																	exp	

analogous	excited	spectra	for	D	and	Ds	:	see	JHEP	2016	
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			Rigorous	treatment	of	strongly-decaying	hadronic	resonances		
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ππ	

																																																																														 	

                                                                                                	
T (E) ! �(E) / |T (E)|2 ! m,�

analy;c	rela;on:		
Luscher	1991		

		

m	 E(⇡⇡)

g simula;on	of	sca[ering	of	two-hadrons	on	the	laMce	

[by	several	lat	coll.]	

E			g		  ρ, K*,.. verified		

energy	of		
eigenstate	

sca[ering		
matrix	 cross	sec;on	 resonance	

mass	and	width	

E	
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D-meson	resonances	from	Dπ	–	Dη	–	DsK	coupled	channel	scat.	

4	

u  HSC,	Moir	et	al,	1607.07093,	JHEP16,		mπ=400	MeV	
			-	Luscher	type	method	to	extract	scat.	matrix	t	

			-	poles	of	t-matrix	represent		

			strongly-stable	(D*	and	D0
*)	and	resonance	D2*	

-D0*	strongly	stable	(not	reson	as	in	exp)	due	to	high	mπ	

u  	Mohler,	S.P.,	Woloshyn,	1208.4059,	PRD	2012	
				-	D0*		resonance	with	m	and		consistent	with	exp.	

				-	sca[ering	mat.	extracted	in	less	detail	than	HSC								

Dπ	threshold	

T=	3x3	sca[er.	matrix		
for	s-wave	

loca;ons	

	of	poles		

in	T-matrix	

	exp:		D*,	JP=1-																																																			D0*(2400)	,	JP=0+																																	D2*(2460),	JP=2+							
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Zc+(3900)		from	coupled		J/Ψ	π+	–	DD*	-	ηc	ρ	sca[ering		

		

4	

[HALQCD,	Ikeda	et	al,		
1602.03465,	PRL]		

DD*	th	

DD*	th	

Zc+	

Zc+	

•  less	rigorous	HALQCD	method	to	extract	scat.	mat.		was	used		
						which	was	not	verified	yet	on	any	conven;onal	resonance	

•  red	line:	differen;al	rate	from	laMce	

•  blue	line:	differen;al	rate	from	laMce	if	coupling	between		

							J/Ψ	π	and	DD*	channels	set	to	zero	by	hand	

•  conclusion	Zc*(3900)	most	likely	coupled-channel	effect,		
							not	genuine	resonances	(i.e.	pole	on	the	unphysical	sheet)	
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Search	for	exo;c	X(5568)	in	Bs	π+	sca[ering	

6	

D0	collabora;on	
25.	february	2016	
1602.07588	

LHCb	seminar		
22.	march	2016	

LHCb	data	published	in		
1608.00435:	PRL	2016	
CMS:	same	conclusion	

PRL	2016	

E (Bs⇡
+)

E (Bs⇡
+)

Lang,	Mohler,	S.P.	
mid	march	2016	
	
looking	at		
laMce	results	of		
	Bs	π+		sca[ering:	
	
no	indica;on	for		
any	resonance	???	
	
1607.03185	
PRD	2016	
[only	lat.	study	so	far]	

	

???	
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strongly	stable	BB*	found		with	JP=1+	and	isospin=0:	search	for	it	!!	

7	

•  Several	collabora;ons	find	growing	indica;on	that	such	a	strongly	stable	state	exists	
•  Independent	methods	for	trea;ng	b-quarks	verify		it	

•  such	a	state	would	decay	weakly,		
						for	example	[*]	
	
•  strongly	stable	strange	partner	BsB*	also	predicted			[*]										

m < mB +mB⇤JP=1+,	isospin=0,			mass	

189	±	10						Francis	et	al.,	1607.05214,	PRL	2017	[*]									NRQCD	b-quark	
	90	±	40							Bicudo	et	al,	1505.00613,	1612.02758												sta;c	b-quark	

binding	energy	
(mB+mB*)-m	
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9	

		treated	in	laMce	QCD	ignoring	their	strong	decays	

m	–	mDs	[GeV]	
Padmanath	et	al.	2013		

[1311.4806,	proc.	CHARM2013]	

LaMce	QCD	

3.2	GeV	
3.0	GeV	

JP	

LHCb	2017,	1703.04639	

E(⌅+
c K�) [GeV ]

Padmanath,	Mathur,	1704.00259	

same		
results	
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0++	preferred	as	quantum	number	

Scalar	χc0(2P)	and	its	2017	observa;on	from	Belle	in	D	D		

9	

LaMce	QCD	predic;on	from	2015:	
first	D	D	simula;on	on	the	laMce	[Lang,	Leskovec,	Mohler,	S.P.,	JHEP15,	1503.05363]		

-  sca[ering	matrix		and	cross-sec;on	determined	via	Luscher’s	method		

-  masses	and	strong-decay	width	of	the	resonance		

-  s-wave:	BW-type	fit	in	resonance	region	(but	more	through	simula;on	needed	in	the	future)	

						m	=	3966	±	20	MeV																																		Γ=	67		±	18	MeV						(note	huge	errors	on	exp	and	th.	widths)		

Belle	1704.01872	

	Hadro-quarkonium	 Alber;	et	al,	1608.06537,	PRD	

quarkonium	(QQ))	+	a	light	hadron	(meson	or	baryon)	
•  modifica;on	of	V(r)	between	QQ	in	presence	of	a	light	hadron	

•  modifica;on	of	QQ	binding	energy	in	presence	of	a	light	hadron	
-		few	MeV	modifica;ons	found	
-		no	new	bound	states	claimed	
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	bgc		l	ν	:	exclusive	and	inclusive	
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tension	between	inclusive	and	exclusive	Vcb	

γγ	

Vcb	 ν	
l	W	



•  exis;ng	most	precise	published	value	MILC/FNAL	2014	[PRD89	114504]	
							-	Fermilab	ac;on	for	c	and	b	quarks		
							-		Vcb:	tension	with	inclusive	(resul;ng	value	for	Vcb	taken	from	PDG	16)	

	
	
	
	
•  preliminary	value	HPQCD	[update	on	1612.06716	(proceedings	of	

LaMce	16),	private	communica;on	with	Harrison	and	Wingate	]	
					-	c	quark:	rela;vis;c	HISQ	;	b	quark:	NRQCD	;	zero	recoil		
					-	Vcb		closer	to	inclusive	value	
							
	

New	preliminary	BgD*	l	ν		at	zero	recoil	

	Mo;va;on:		
tension	between	inclusive	and	exclusive	Vcv	
	
		
	
	
	
	
	
																																																																			
																				

11	

update	on	1612.06716	

physical	mπ
2
	

zero	recoil	

Sasa	Prelovsek							Heavy	flavors	from	laMce											LHCP	2017	

MILC/FNAL	14		

bgc		l	ν		



S;ll	no	dynamical	results	on	BgD*	l	ν		beyond	zero-recoil	
	

Sasa	Prelovsek							Heavy	flavors	from	laMce											LHCP	2017	 12	

That	would	be	valuable	to	confirm	the	Standard	Model	predic;on		for		

b	gc		l	ν		



Bs	gDs	l	ν				in	whole	q2	region	

13	

[HPQCD,	1703.09728]	

PDG	quotes	only	Bs	gDs	l	ν	+	anything	
	
c-quark	:	rela;vis;c	HISQ			
b-quark:		NRQCD			
	
results	agree	with	only	exis;ng		
previous	result		
[Atoui	et	al,	EPJC74	2861	(4014)]	
		
compared	to	BgD		[HPQCD,	PRD	2015]	

Fragmenta;on	func;ons	fs/fd	needed	in	Bsgμμ 	 [HPQCD,	1703.09728]	

exp.	ra;o	of	nonleptonic	decays		

+	factoriza;on	[Fleischer	et	a.	2010]	
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First	dynamical	calcula;on	of		Bcgcharmonium	l	ν		

14	

Bc	gηc	l	ν		 Bc	g J/Ψ	l	ν		

[HPQCD,	proceedings	of	LaMce	2016,		
1611.01987]		

heavy	quark	treatment:		
c	quark:	rela;vis;c	HISQ	
b	quark:	(1)	rela;vis;c		HISQ	for	range	of	mQ	

																(2)	NRQCD	at	mQ=mb	

	

(1)	and	(2)	lead	to	consistent	results	(le�	Fig.):	good	!		
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Towards	inclusive	semileptonic	decays	

16	

S.	Hashimoto,	1703.01881	

op;cal	theorem	

on	the	LaMce	T	is	computed	from	4-point	func;on	

Jμ=Vμ-Aμ	

q=momentum	of	state	X	
ω	=	energy	of	state	X		
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b	gc		l	ν		

X	



	LaMce	study	of	inclusive	semileptonic	decays	

16	

S.	Hashimoto,	1703.01881	

•  on	the	LaMce	T	is	computed	from	4-point	func;on	
•  will	allow	access	to	further	understanding	of	tension		
						between	inclusive	and	exclusive	Vcb	and	Vub		

Jμ=Vμ-Aμ	•  spectator	quark	is	s	
•  zero	recoil:			

V0V0	dominated		
by	X=Ds	pole	(red	dashed)	

A1A1	dominated		
by	X=Ds

*	pole	(black	dashed)	

•  HQET	form	factors	determined	in	this	way		
agree	with	direct	computa;on	but	have	larger	errors	

•  	V1V1	and	A0A0	contain	X	with	other	quantum	num.		

Xc=Ds	,Ds
*,....	

Bs	 Bs	

s	 s	

X	

=	energy	of	X	
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	news	on	qgq’		l	ν		and	qgq’		l+	l-		in	exclusive	baryon	decays	
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	cgs		l	ν					&			first	determina;on	of	Λcg		Λ	l	ν	form	factors		

[Meinel,	1611.09696,	PRL	2017]:	laMce	form	factors	

[BESIII,	PRL,	2015]	

Vcs	from		Λcg		Λ	l	ν		

mo;va;ons:	
•  determina;on	of	Vcs	

•  given	Vcs	:		test	of	laMce	studies	of	
heavy	baryon	approach	

•  this	channel	useful	for	
normaliza;on	modes		
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bgs		l+l-					&			towards	Λbg		Λ*(1520)	l+l-	form	factors		

19	

Meinel	&	Rendon	[1608.08110,	LaMce	2016	proceedings]	

Experimental	drawback	with	Λbg		Λ	l+l-		:	ground	state	Λ	is	electrically	neutral	and	long-lived	
	

g  worth	experimentally	exploring	decays	to	Λ*		resonances	which	can	immediately	decay	into	charged	par;cles		

					and	produce	tracks	that	originate	from	b-decay	vertex	

g  many	Λ*	resonances	exist:	narrow	Λ*(1520)	with	JP=3/2+		strikes	out	:	Γ≈15	MeV,		decays	to	NK,Σπ,Σπ	

g  Λ*(1520)		treated	as	strongly	stable	in	the	laMce	simula;on	
g  preliminary	laMce	results	for	14	form	factors	
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no	new	laMce	results	concerning	BgK*l+l-	since	summer	2016		



Conclusions	for	the	;me	being	

		Thanks	to	experimentalists	for	providing	lots	of	puzzling	hadrons	...	
	
		Theore;cal	study	requires	non-perturba;ve	treatment	of	strong	interac;on	g laMce	QCD			
	
u  Strongly	stable	hadrons		B,	D,	K,	N,..	...			
								-	masses			✔✔✔✔

   -	exclusive	weak	and	EM	transi;ons	between	them:			increasing	precision,	variety	of	transi;ons		✔✔	✔

   -	inclusive	semileptonic	decays		✔
	
u  	La/ce	QCD	can	extract	scaMering	matrix	and	cross-secOon	for	scaMering	of	two	hadrons													

   this	gives	access	to	conven;onal	and	exo;c	strongly	decaying	hadron	resonances:	
							-	in	one-channel	sca[ering	✔✔

   -	in	two	or	three	channel	sca[ering		✔		:	most	of	exo;c	exp.	candidates	fall	in	this	category	

u  Lots	of	exciOng	and	challenging	problems	remain	to	be	aMacked	
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