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Tracking	system		

Compact	Di-Muon	Solenoid	–	µ	reconstruc$on	&	triggers	

Good	pT	resolu*on	(down	to																											in	barrel)		ΔpT pT ≈1%
Tracking	efficiency	>99%	for	central	muons		

Good	vertex	reconstruc*on	&		
impact	parameter	resolu*on	down	to		≈15µm

Muon	system		
Muon	candidates	by	matching	muon	segments	and	
a	silicon	track	in	a	large	rapidity	coverage	(											)		η < 2.4

Good	dimuon	mass	resolu*on	(depending	on						):																																								(																																															)	ΔM M ≈ 0.6÷1.5% J ψ :≈ (20÷ 70)MeVy

Excellent	(high-purity)	muon-ID:																																																						[fake	rates	es*mated	in	MC	and	data]	ε(µ |π,K, p) ≤ (0.1÷ 0.2)%
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Trigger	system		
fast	HW	(Muon	Detector	based)	triggers	(L1)	
SW	triggers	with	full	tracking	&	vtx	recon.	(HLT)	
rare	decays/quarkonia	almost	100%	BKG/Signal	paths	
~10%	of	CMS	bandwidth	(~10kHz	@L1)	to	flavor	physics	
Data	Parking	in	2012:	clear	benefits	having	~120Hz	
on	top	of	the	25-30Hz	on	prompt	stream	(@HLT)	

Data	samples:		
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Outline		

The	following	“exo*c”	quarkonium-like		
states	will	be	reviewed:		

Y (4140)

X(3872)
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X(3872) JHEP	1304	(2013)	154	
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The	X(3872)	-	I	

First	exo*c	states	discovered	by	Belle	in	2003	
in	the	decay	B	→	K	X(3872)	→	K	(J/ψ	π+	π−):	

PRL	91,	262001	(2003)	

Quickly	confirmed	by	CDF	and	D0	with	inclusive								collisions:	pp

PRL	93,	072001	(2004)	

pp→ψ(2S)+ anything

pp→ X(3872)+ anything

B→ Kψ(2S)

B→ KX(3872)
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Acer	more	than	10	years	no	defini$ve	answer	on	the	nature	of	the	X(3872)	



The	X(3872)	-	II	

Acer	more	than	10	years	no	defini$ve	answer	on	the	nature	of	the	X(3872).	
Main	hypothesis	are:	

Loosely	bound	molecular	state:	suggested	by	proximity	to 									threshold	(JPC	=	0-+,	1++)	DD0*

Tetraquark	(JPC	=	1++)	

Conven*onal	charmonium:	assignments	would	be	χc1(23P1)	or	ηc2	(11D2)	
and	quantum	numbers	would	be	respec*vely	JPC	=	1++	or	2-+	

	 					~	ruled	out	by	the	fact	that	should	be	a	pure	isoscalar	state;	X(3872)	shows	
an	equal	amount	of	isospin	components	(I=0	&	I=1):	
cc→ ρ J ψ

BF(X→ J ψ π +π −π 0 )
BF(X→ J ψ π +π − )

= 0.8± 0.3
ω

ρ
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The	size	of	the	X(3872)	as	a	DD*	molecule	is	determined	by	its	scanering	length	which		
in	turn	depends,	by	quantum	mechanical	considera*ons,	upon	the	binding	energy:	
								X(3872)	would	be	a	large	and	fragile	molecule	with	a	miniscule	binding	energy	



The	X(3872)	-	II	

NPB	886	(2014)	665	
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The	size	of	the	X(3872)	as	a	DD*	molecule	is	determined	by	its	scanering	length	which		
in	turn	depends,	by	quantum	mechanical	considera*ons,	upon	the	binding	energy:	
								X(3872)	would	be	a	large	and	fragile	molecule	with	a	miniscule	binding	energy	

Pure	molecular	model	is	not	supported	by	recent	LHCb	measurement	[																																]	of	the	
radia*ve	decay	

LHCb	made	a	sophis*cated	angular	analysis	[ 	 	 									&	 	 	 						]	of	the	
whole	decay	chain	B+	→	K+	X(3872)	→	K+	(J/ψ	π+	π−)	dropping	the	assump*on	of	lowest	possible	
orbital	angular	momentum	in	the	X(3872)	sub-decay	and	unambiguously	determine	the	quantum	
numbers	to	be	JPC	=	1++	under	more	general	condi*ons.	No	hints	for	a	large	size	of	X(3872).	

PRL	110	(‘13)	222001	 PRL	92	(‘15)	011102	



ψ(2S)	

X(3872)	

X(3872)	at	CMS	

CMS	can	easily	reconstruct	the	X(3872)	
in	the	decay	channel	J/ψ(→μμ)π+π-	

With	4.8:-1	of	data	at	7TeV	reconstructed	
about	12,000	X(3872)	signal	events	

CMS	studied:	
Cross	sec*on	ra*o	w.r.t.	ψ(2S)	
Non-prompt	component	vs	pT	
Prompt	X(3872)	cross	sec*on	
Invariant	mass	distribu*on	of	the	π+π-	system	
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The	π+π-	invariant	mass	distribu*on	from	X(3872)	decays	to	J/ψπ+π-		
is	measured	in	order	to	inves*gate	the	decay	proper*es	of	the	X(3872)	

Studies	at	CDF	and	Belle	suggest	that	X(3872)	decays	in	J/ψ	and	ρ0	

The	spectrum	obtained	from	data	is	compared	to	simula*ons	with	
and	without	an	intermediate	ρ0	in	the	J/ψπ+π-	decay:	the	assump*on	
of	intermediate	ρ0	decay	gives	bener	agreement	with	data.	
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Cross	sec$ons	ra$o	&	non-prompt	frac$on	

A	ra*o	of	the	cross	sec*ons	have	been	measured	to	cancel	out	many	systema*c	sources:		

For	10	<	pT	<	50GeV	&	|y|	<	1.2:	
R	=	0.0656	±	0.0029	(stat.)	±	0.0065	(syst.)	

The	ra*o	shows	no	significant	dependence	
on	the	pT	of	the	J/ψπ+π-	system	

R ≡
σ pp→ X(3872)+ anything( ) ⋅B X(3872)→ J ψ π +π −( )
σ pp→ψ(2S)+ anything( ) ⋅B ψ(2S)→ J ψ π +π −( )

=
NX (3872) ⋅Aψ (2S ) ⋅εψ (2S )
Nψ (2S ) ⋅AX (3872 )

⋅ε
X (3872 )
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Cross	sec$ons	ra$o	&	non-prompt	frac$on	

A	ra*o	of	the	cross	sec*ons	have	been	measured	to	cancel	out	many	systema*c	sources:		

The	X(3872)	can	be	produced	from	decays	of	B	hadrons	in	a	
secondary	vertex	related	to	the	decay	length	(lxy)	of	the	B	meson	
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⋅ε
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lxy	>	100	μm	

Events	with	X(3872)	from	B	decays	are	selected	
by	requiring	lxy	>	100μm:	non-prompt	fracNon	=		
The	frac*on	of	X(3872)	produced	from	decay	of	B	
does	not	show	a	dependence	on	pT(J/ψ π+π-)	
For	10	<	pT	<	50GeV	&	|y|	<	1.2:	
X(3872)	non	prompt	frac*on	=	0.263	±	0.023	(stat.)	±	0.016	(syst.)	

#	of	X(3872)	from	B	
#	of	X(3872)	
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Prompt	X(3872)	produc$on	cross	sec$on	&	π+π-	system	

Puwng	together	the	previous	measurements,	the	produc*on	of	X(3872)	state	is	measured	
for	the	first	*me	as	a	func*on	of	transverse	momentum	as:	

measured	by	CMS	in	JHEP02	(2012)	011	 from	PDG	Cross	sec*ons	ra*o	non-prompt	frac*on	
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Prompt	X(3872)	produc$on	cross	sec$on	&	π+π-	system	
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measured	by	CMS	in	JHEP02	(2012)	011	 from	PDG	Cross	sec*ons	ra*o	non-prompt	frac*on	

Main	systema*c	uncertain*es	are	related	to	the	
measurements	of	R	and	prompt	ψ(2S)	cross	sec*on	
X(3872)	and	ψ(2S)	are	assumed	to	be	unpolarized	
Results	are	compared	with	a	theore*cal	predic*on	
based	on	NRQCD	factoriza*on	approach	by	
Artoisenet	&	Brateen	[PhysRevD.81.114018]	
with	calcula*ons	normalized	using	Tevatron	results,	
modified	by	the	authors	to	match	the	phase-space	
of	the	CMS	measurement	
The	shape	is	reasonably	well	described	by	the	theory	
while	the	predicted	cross	sec*on	is	overes*mated	
by	over	3σ	
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Predic*ons	by	Artoisenet	&	Brateen	assume,		
within	an	S-wave	molecular	model,	the	rela*ve		
momentum	of	the	mesons	being	bound	by	an		
upper	limit	of	400MeV	which	is	quite	high	for	a		
loosely	bound	molecule,	but	they	assume	it	is		
possible	as	a	result	of	rescanering	effects.	

On	the	other	hand,	an	upper	limit	lower	of	one		
order	of	magnitude	would	imply	lower	prompt		
produc*on	rates	of	few	orders	of	magnitude		
[Bignamini	et	al.,	PRL	2009,	103(16)]	



X(3872)	produc$on	at	Run-II	

The	plot	shows	the	invariant	mass	of	J/ψ	π+π−	where	is	visible	the	X(3872)	signal	beyond	the	ψ(2S)	one:	

Run-II	data	taking	started	last	year	at	√s	=	13TeV	with	the	first	bunch	of	data	recorded	in	July	
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Search	for	Xb	[beauty	partner	of	the	X(3872)]	

HQ	symmetry	suggests	an	Xb	analogous	of	Xc.	
Molecular	model	suggests	to	search	it	close	
to										threshold	(Swanson,	2004).	

CMS	looked	for	Xb	→	ϒ(1S)	π+π−	decay	
seemingly	analogous	to	X(3872)	→	J/ψ	π+π−	
Analysis	strategy:	search	for	a	peak	other	
than	known	ϒ(2S)	&	ϒ(3S)	in	the	ϒ(1S)	π+π−		
spectrum	within	10-11GeV	

95%	CL	upper	limits	set	on	the	ra$o	R	
of	the	inclusive	produc*on	Xsec*ons	*mes	
BFs	to	ϒ(1S)	π+π−	(the	one	for	Xb	is	unknown):	

BB*

Observed	UL	range:	0.9%	to	5.4%	
(similar	result	by	ATLAS)	

R ≡
σ pp→ Xb →ϒ(1S)π +π −( )

σ pp→ϒ(2S)→ϒ(1S)π +π −( )

10	/	15	Bormio	2016	 Leonardo	Cristella	



Search	for	Xb	[beauty	partner	of	the	X(3872)]	

HQ	symmetry	suggests	an	Xb	analogous	of	Xc.	
Molecular	model	suggests	to	search	it	close	
to										threshold	(Swanson,	2004).	

CMS	looked	for	Xb	→	ϒ(1S)	π+π−	decay	
seemingly	analogous	to	X(3872)	→	J/ψ	π+π−	
Analysis	strategy:	search	for	a	peak	other	
than	known	ϒ(2S)	&	ϒ(3S)	in	the	ϒ(1S)	π+π−		
spectrum	within	10-11GeV	

95%	CL	upper	limits	set	on	the	ra$o	R	
of	the	inclusive	produc*on	Xsec*ons	*mes	
BFs	to	ϒ(1S)	π+π−	(the	one	for	Xb	is	unknown):	

BB*

Observed	UL	range:	0.9%	to	5.4%	
(similar	result	by	ATLAS)	

According	to	Karliner	&	Rosner	[PRD91	(2015)	014014],	this	decay	should	be	forbidden	by	G-parity	
conserva$on;	while	for	the	X(3872)	the	isospin-conserving	decay	to	ωJ/ψ	was	kinema*cally	suppressed,	
the	same	is	not	true	for	a	bonomonium-like	JPC	=	1++	counterpart.	The	strategy	for	Xb	observa*on	should	
include	search	of	Xb	→ ϒ(1S)	ω(→π+π−π0), Xb → χb1(1P)	(→ϒ(1S)γ)	π+π−, Xb → ϒ(3S)γ	(not	easy:	for	Run-II)	

R ≡
σ pp→ Xb →ϒ(1S)π +π −( )

σ pp→ϒ(2S)→ϒ(1S)π +π −( )
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Y (4140) PLB	734	(2014)	261	
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The	Y(4140):	another	long	story…	
CDF	(2009)	reported	evidence	(@3.8σ)	for	narrow	peak	in	J/ψϕ	mass	
spectrum,	close	to	the	kinema*cal	threshold,	in	decays	B+	→	J/ψϕK+	

arXiv:1101.6058	(2011)	

CDF	(2011)	presents	update	analysis	with	larger	dataset,	
(6.0fb-1	vs	2.7:-1)	observing	the	so	called	Y(4140)	state:	

Belle	(2009)	searched	and	did	not	find	this	state	in	the	same	decay	

LHCb	observed	no	signals;	this	measured	UL	
implies	a	2.4σ	tension	with	CDF	

Y(4140)	
[>	5σ]	

Y(4274)	
[>	3.1σ]	

LHCb	(2012)	has	searched	for	these	two	states	
reconstruc*ng	383	±22	B+	→	J/ψϕK+	candidates	
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				molecule,	that	is	the	molecular	strange	partner	of	the	Y(3940)	
		tetraquark	

threshold	kinema*c	effect	
hybrid	charmonium	
weak	transi*on	with 	 			rescanering	

Y(4140)	
[>	5σ]	

Y(4274)	
[>	3.1σ]	

LHCb	(2012)	has	searched	for	these	two	states	
reconstruc*ng	383	±22	B+	→	J/ψϕK+	candidates	

Interpreta$ons	

Masses	are	well	above	3770MeV	open	charm	threshold;	the	conven*onal	charmonium	should	decay	
into									,	with	*ny	B.F.	to	J/ψϕ	(OZI-suppressed)	DD
For	the	Y(4140)	decaying	several	interpreta*ons	have	been	proposed:	

Ds
*Ds

*

cscs

DsDs
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CMS	search	for	Y(4140)	

Search	performed	with	5.2:-1	of	collision	at	7TeV	

2480	±	160	B+	events	

Largest	B+	sample	to	date	
•  20	*mes	CDF	
•  7	*mes	LHCb	

m(J/ψKKK)	∈	[m(B±)	-	3σ,	m(B±)	+	3σ]	
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CMS	search	for	Y(4140)	

Search	performed	with	5.2:-1	of	collision	at	7TeV	

Signal	extrac$on:	
•  pT	>	1GeV	for	any	kaon	
•  selec*on	on	common	vertex	probability	and	

angular	separa*on	between	J/ψ	and	kaons	
•  pT	(J/ψ)	>	7GeV	
•  transverse	B+	flight	lenght	significance	>	3	

2480	±	160	B+	events	

Largest	B+	sample	to	date	
•  20	*mes	CDF	
•  7	*mes	LHCb	

m(J/ψKKK)	∈	[m(B±)	-	3σ,	m(B±)	+	3σ]	

The	Δm	=	m(μ+μ-K+K-)	-	m(μ+μ-)	spectrum	is	
considered	*ll	1.568GeV	to	avoid	reflec*ons	
from	Bs	→	ψ(2S)ϕ	→	J/ψπ+π−ϕ	
(but	whole	spectrum	also	inves*gated)	
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The	J/ψϕ	mass	spectrum	

dividing	the	dataset	in	20MeV	Δm	bins	
fiwng	every	bin	with:	
•  Signal	PDF:	S-wave	rela*vis*c	Breit-Wigner	(BW)	

convoluted	with	mass	resolu*on	
•  Background	PDF:	3-body	Phase	Space	Shape	(PS)	

•  1-D	Fit:	Binned	χ2	fit	to	the	extracted	Δm	spectrum	
using	the	BW	and	PS	shape.	

•  Global	2-D	Fit:	simultaneous	fit	of	m(B+)	and	Δm	
with	implicit	background	subtrac*on	

extrac*ng	the	number	of	B+	signal	in	each	Δm	bin	by	fiwng	the	spectrum	

The	Δm	=	m(μ+μ-K+K-)	-	m(μ+μ-)	spectrum	is	obtained:	
Y(4140)		
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First	structure	is	consistent	with	Y(4140)	of	CDF	observed	with	a	stat.	significance	>	5σ!	
There	is	evidence	for	a	second	structure	in	the	same	mass	spectrum	

The	J/ψϕ	mass	spectrum	

dividing	the	dataset	in	20MeV	Δm	bins	
fiwng	every	bin	with:	
•  Signal	PDF:	S-wave	rela*vis*c	Breit-Wigner	(BW)	

convoluted	with	mass	resolu*on	
•  Background	PDF:	3-body	Phase	Space	Shape	(PS)	

•  1-D	Fit:	Binned	χ2	fit	to	the	extracted	Δm	spectrum	
using	the	BW	and	PS	shape.	

•  Global	2-D	Fit:	simultaneous	fit	of	m(B+)	and	Δm	
with	implicit	background	subtrac*on	

extrac*ng	the	number	of	B+	signal	in	each	Δm	bin	by	fiwng	the	spectrum	

The	Δm	=	m(μ+μ-K+K-)	-	m(μ+μ-)	spectrum	is	obtained:	

Yield	 Mass	[MeV]	 Γ	[MeV]	

310	±	70	 4148.0	±	2.4(stat)	±	6.3(syst)	 28+15-11(stat)	±	19(syst)	

418	±	170	 4313.8	±	5.3(stat)	±	7.3(syst)	 38+30-15(stat)	±	16(syst)	

Y(4140)		

13	/	15	

Naïve	yields’	ra*o	es*mate: 	 	 	 	 							consistent	with	CDF	and	LHCb	UL	
BR Y (4140)( )
BR J ψφK ±( )

≈ 0.10± 0.03%
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Understanding	the	nature	of	both	structures	needs	further	inves*ga*on	

The	ϕK+	mass	distribu*on	shows	an	excess	w.r.t.	PHSP	profile	
in	the	region	where	large	resonances	[K2(1770)	&	K2(1820)]	
may	appear;	reflec*ons	studies	are	carried	out:	

Next	steps	for	Y(4140)	
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Understanding	the	nature	of	both	structures	needs	further	inves*ga*on	

The	ϕK+	mass	distribu*on	shows	an	excess	w.r.t.	PHSP	profile	
in	the	region	where	large	resonances	[K2(1770)	&	K2(1820)]	
may	appear;	reflec*ons	studies	are	carried	out:	

Understanding	the	nature	of	both	structures	needs	
further	inves*ga*on	&	requires	a	full	amplitude	analysis	
(not	easy	task:	2	vectors	in	the	final	state!).	
It	is	suitable	for	CMS	adding	Run-II	data	to	extract	an	enough	pure	B+	sample	with	enough	sta*s*cs.	

Next	steps	for	Y(4140)	

exclud
ing	th

is	m(K
+K-K

+)	regio
n	

Y(4140)	appears	to	be	
uncorrelated	to	ϕK+	resonances	

Addi$onal	peak	may	
be	affected	by	them	
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Although	designed	for	high-pT	physics	…	
…	CMS	is	an	excep*onal	apparatus	for	dealing	with	flavor	physics	topics!	

Summary	&	outlook		

CMS	has	greatly	contributed	to	the	study	of	exo$c	states:	
•  X(3872)	prompt	cross	sec*on	
•  Search	for	Xb	
•  Y(4140)	confirma*on	

15	/	15	

Their	actual	nature	is	s*ll	a	challenge.	
Moreover	many	final	states	s$ll	to	be	explored!	
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Run-II	just	started	

CMS	will	record	much	larger	integrated	luminosity	than	LHCb,	
in	an	harsher	environment	

Dedicated	triggers	developed	for	the	most	important	analyses	



Backup	slides	/	Addi$onal	material	
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X(3872) JHEP	1304	(2013)	154	
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Signal	extrac*on:	
•  2	μ	with	pT	>	4GeV	coming	from	J/ψ	in	the	central	region	of	the	detector	(|y(μ+μ-)|	<	1.25)	
•  2	tracks	with	opposite	charge	and	pT	>	600MeV	
•  combina*on	of	these	four	tracks	with	constraint	on	common	vertex	
•  selec*on	on	common	vertex	probability,	angular	distance	between	J/ψ	and	π,	

Q	value	[m(μμππ)	-	m(J/ψPDG)	-	m(ππ)].	

Bormio	2016	 Leonardo	Cristella	 Backup	

Source	 	Rela$ve	uncertainty	(%)	

Vertex	es*ma*on	 1	

Background	parametriza*on	 2-3	

Efficiency	 3-8	

Decay	length	resolu*on	 4	

Pileup	 2	

Total	 6-10	

Non-prompt	frac$on:	

Systema$c	uncertain$es	



Systema$c	uncertain$es	

Source	 	Rela$ve	uncertainty	(%)	

Fit	func*ons	 1-2	

ε	(μ+μ-)	 <	1	

ε	(π+π-)	 1-5	

Efficiency	sta*s*cal	precision	 1-3	

X(3872)	pT	spectrum	 1-11	

ψ(2S)	pT		spectrum	 1–4	

m(π+π-)		spectrum	 1–2	

Acceptance	sta*s*cal	precision	 1–3	

Total	 5–13	

R ≡
σ pp→ X(3872)+ anything( ) ⋅B X(3872)→ J ψ π +π −( )
σ pp→ψ(2S)+ anything( ) ⋅B ψ(2S)→ J ψ π +π −( )

=
NX (3872) ⋅Aψ (2S ) ⋅εψ (2S )
Nψ (2S ) ⋅AX (3872 )

⋅ε
X (3872 )
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Y (4140) PLB	734	(2014)	261	
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Crosscheck	with	cleaner	B+	sample	
 More	stringent	quality	and	kinema*c	cuts	are	
used	to	produce	a	cleaner	sample	

  40%	of	the	defaults	B	signal	
  10	$mes	less	background	

Found	structure	can	be	clearly	seen	
	also	with	this	selec$on	

Crosscheck	with	cleaner	B+	sample	
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Inves*ga*on	of	the	whole	Δm	region	

  The	Δm	spectrum	a�er	subtrac*ng	
B0s	contribu*on	but	including	non-B	
events	within	1.5	σ	of	the	B	mass	

Check	the	events	with	∆m	larger	than	1.568GeV	(eliminated	from	the	
analysis)	to	ensure	that	they	could	not	cause	reflec*ons	in	the	low-∆m	region	

The	extension	of	Δm	spectrum	a�er	
subtrac*ng	non-B	background,	to	
the	full	phase	space	

The	events	in	the	cutoff	region	are	consistent	with	phase	space.		
The	absence	of	strong	ac$vity	in	the	high-Δm	region	reinforces	our	conclusion	that	
the	near-threshold	narrow	structure	is	not	due	to	a	reflec$on	of	other	resonances.		

Inves$ga$on	of	the	whole	Δm	region	
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Source	 m1	(MeV)	 Γ1	(MeV)	 Γ2	(MeV)	 m1	(MeV)	

B+	background	PDF	 0.8	 7.4	 2.6	 9.9	

B+	signal	PDF	 0.2	 3.6	 2.7	 0.2	

Rela*ve	efficiency	 4.8	 6.0	 0.9	 10.0	

Δm	binning	 3.7	 1.5	 2.7	 0.2	

Δm	structure	PDF	 0.8	 9.3	 0.6	 4.9	

Δm	mass	resolu*on	 0.8	 6.4	 0.6	 4.6	

Δm	background	shape	 0.2	 7.0	 0.3	 0.2	

Selec*on	requirements	 0.8	 7.8	 5.5	 1.8	

Total	 6.3	 19	 7.3	 16	

Systema$c	uncertain$es	
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