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à	Heavy	Flavor	(HF)	produc.on	is	a	crucial	phenomenon	to	test	QCD.	
A.1	General	framework	
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Non-Prompt	produc.on	successfully	described	by	:	
Fixed	Order	Next	Leading	Log	(FONLL)	

Charmonium	produc.on:	(a)	directly	(prompt)	by	short	lived	QCD	
sources,	(b)	from	decays	of	long-lived	b-hadrons	(non-prompt)	



à	Heavy	quark	(HQ)	produc.on	is	a	crucial	phenomenon	to	test	QCD.	

Prompt	quarkonium	produc.on	is	unique	test	ground:	
produc.on	“hard”	scale	+		evolu.on		via	non-perturba.ve		
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16/06/16	
4	

V.	Canale:	Heavy	Flavor	produc.on	with	the	ATLAS	experiment	at	LHC-	LHCP	2016	

Non	Rela.vis.c	QCD	prescrip.on:	
CO	calcula.on	+	Long	Distance	Matrix	Elements	(from	data)	
à	improved	agreement	with	data,	but	need	coherent	approach			

Non-Prompt	produc.on	successfully	described	by	:	
Fixed	Order	Next	Leading	Log	(FONLL)	

Charmonium	produc.on:	(a)	directly	(prompt)	by	short	lived	QCD	
sources,	(b)	from	decays	of	long-lived	b-hadrons	(non-prompt)	

à	major	interest	in	ψ(2S)	less	affected	by	feed-down	with	
respect	to	other	states			



à	HF@LHC	data	are	very	important	in	itself	(new	high	pT	kinema.c	regions)	
à  to	understand	significant	background	for	EW,	Higgs,	NP	sectors		

à	Heavy	quark	(HQ)	produc.on	is	a	crucial	phenomenon	to	test	QCD.	

Prompt	quarkonium	produc.on	is	unique	test	ground:	
produc.on	“hard”	scale	+		evolu.on		via	non-perturba.ve		

A.1	General	framework	

16/06/16	
5	

V.	Canale:	Heavy	Flavor	produc.on	with	the	ATLAS	experiment	at	LHC-	LHCP	2016	

Non	Rela.vis.c	QCD	prescrip.on:	
CO	calcula.on	+	Long	Distance	Matrix	Elements	(from	data)	
à	improved	agreement	with	data,	but	need	coherent	approach			

Non-Prompt	produc.on	successfully	described	by	:	
Fixed	Order	Next	Leading	Log	(FONLL)	

Charmonium	produc.on:	(a)	directly	(prompt)	by	short	lived	QCD	
sources,	(b)	from	decays	of	long-lived	b-hadrons	(non-prompt)	

à	major	interest	in	ψ(2S)	less	affected	by	feed-down	with	
respect	to	other	states			

Open	HF	produc.on	described	by	FONLL:	
	1)	sa.sfactory	for	b	
2)	for	c	àdifficulty	in	matching	different	regimes	(	pT	>>	mQ	,	pT	~	mQ,			pT	<<	mQ	)			



A.2	Experimental	aspects	
LHC	machine:	
• 	run-I:	
5,1	n-1	at	7	TeV	+	21.3	n-1	at	8	Tev	
• run	–II:	3.9	n-1		at	13	TeV	(2015)	
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A.2.1	Data	samples	



A.2	Experimental	aspects	
LHC	machine:	
• 	run-I:	
5,1	n-1	at	7	TeV	+	21.3	n-1	at	8	Tev	
• run	–II:	3.9	n-1		at	13	TeV	(2015)	

Muon	Trigger	for	HF	physics:	
•  L1:	di-muon	pTµ thresholds: 4-6 GeV 
•  L2/EF:	valida.on	+	vertexing	+	mµµwindows	
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A.2.2	Detector	and	trigger	

A.2.1	Data	samples	

ID:	|η|<2.5,	Bsol	=2T,		Pixels+Si+TRT	
à  σPt/pt	≈	0,0004	pt	(GeV)	+	0,015		
MS:		|η|<2.7,	<Btor>=0,5	T	
à	σPt/pt	≤	0.1	up	to	1	TeV		
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A.2.3	Tracking,	vertexing,	mass	and	“proper”	.me	fits	
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A.2.3	Tracking,	vertexing,	mass	and	“proper”	.me	fits	
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~P (µµ)
T

P (µµ)
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P (µµ)
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)
⇢

P : prompt component

NP : non-prompt from B-decays

unbinned maximum likelihood fit in 2D

PDF (m, ⌧) =
X

i

ifi(m) · hi(⌧)⌦R(⌧)

mass ! Gi : Gaussian, Bi : Crystal Ball

time ! Ei : exponential, R : double Gaussian

bkg ! Ci : Chebyshev, F : uniform

muon pairs
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>>>>:
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opposite charge
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d2�(pp � Q+X)

dp
T

dy
·Br(Q � µµ) =

NQ!µµ

corr

L ·�p
T

·�y8
<

:

NQ!µµ

corr

: signal yield corrected for e⇤ciency and acceptance
L : integrated luminosity corresponding to the sample
�p

T

(y) : interval bin of the di⇥erential variable
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A.2.4	Cross	sec.on	extrac.on	

8 rapidity bins : 0  |y(µµ)|  2p
s = 7TeV : 8  p(J/ )T  100GeVp
s = 7TeV : 8  p( 2s)

T  60GeVp
s = 8TeV : 8  p(µµ)T  110GeVp
s = 13TeV : 8  p(J/ )T  40GeV



d2�(pp � Q+X)

dp
T

dy
·Br(Q � µµ) =

NQ!µµ

corr

L ·�p
T

·�y8
<

:

NQ!µµ

corr

: signal yield corrected for e⇤ciency and acceptance
L : integrated luminosity corresponding to the sample
�p

T

(y) : interval bin of the di⇥erential variable

16/06/16	 11	V.	Canale:	Heavy	Flavor	produc.on	with	the	ATLAS	experiment	at	LHC-	LHCP	2016	

A.2.4	Cross	sec.on	extrac.on	

ε(pT
(µ)

, η(µ))à	 efficiencies	 (trigger,	
reconstruc.on,…)	 are	 es.mated	
mainly	with	data	driven	methods	to	
reduce	uncertain.es	(tag	and	probe	
methods,		etc…)	

weight for each candidate :

w�1
i

= ✏(reco.)
i

· ✏(trig.)
i

· A
i

8 rapidity bins : 0  |y(µµ)|  2p
s = 7TeV : 8  p(J/ )T  100GeVp
s = 7TeV : 8  p( 2s)

T  60GeVp
s = 8TeV : 8  p(µµ)T  110GeVp
s = 13TeV : 8  p(J/ )T  40GeV



Acceptance	correc.ons	depend	on	the	
spin	alignment	at	produc.on:	
	à	use		the	isotropic	case	and	consider	
the	envelope	of		maximum	varia.ons	in	
case	of		different	polariza.on	states;	
à  dependence	is	reduced	at	high	pT;	
à  beyer	to	explore	high	pT		region	

(both	theory	and	experiment)			

A(pT
(µµ)

, y(µµ)):	 the	 probability	 for	 a	 candidate	 that	 both	 muons	 pass	 the	 fiducial	
selec.on	(pT(µ)>4	GeV,	|η(µ)|<2.3)	is	es.mated	with	simula.on	(generator	+	detector)	
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d2N

d cos ✓⇤d�⇤ / 1 + �✓ cos
2 ✓⇤ + �� sin

2 ✓⇤ cos 2�⇤
+

+�✓� sin 2✓⇤ cos�⇤

~30%	

~15%	
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B.1	J/ψ	and ψ(2s) differential production at √s =7-8 TeV	
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⇢
J/ ! µ+µ�

 (2S) ! µ+µ�

⇢
2.1 fb�1 at

p
s = 7TeV

11.4 fb�1 at
p
s = 8TeVExamples	of	fit	projec.ons	

	

√s=7	TeV	
10.5<pt<11.5	Gev	
1.25<|y|<1.50		

√s=8	TeV	
60.0<pt<110.0	Gev	
|y|<0.25		

	from	fit	yields	
	à	cross	sec.ons		
	

Eur.Phys.J.	C76	(2016)	5,	283	
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	Systema.c	uncertain.es	dominated	:	
•  Muon	trigger	efficiency	evalua.on;	
•  Fit		model	parametriza.on	

)
✓
��

�

◆

sys.

⇠ (6÷ 8)%

Prompt	J/ψ:	0.75<|y|<1.00		 Non	Prompt	ψ(2S):	0.75<|y|<1.00		
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	“Prompt”	produc.on	compared	with	
NLO-NRQCD:	
à fair	agreement	for	the	whole	PT	

range	for	both	J/ψ and	ψ(2S) 		
à no	observed	dependence	on	

rapidity	in	theory/data	ra.o	

J/ψ: √s=7	TeV	

ψ(2S): √s=8	TeV	
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J/ψ: √s=8	TeV	

ψ(2S): √s=7	TeV	

	“NON-Prompt”	produc.on	compared	
with	FONLL		for	b-produc.on	
followed	bà	“ψ”+X	
à for	J/ψ theory	predicts	“harder”	

spectra,	for	ψ(2S)	theory	predicts	
“higher”	yield	

à no	observed	dependence	on	
rapidity	in	theory/data	ra.o				
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J/ψ: √s=7	TeV	 J/ψ: √s=8	TeV	
ψ(2S): √s=8	TeV	ψ(2S): √s=7	TeV	

à	in	each	y-slice	fbψ 	increases	as	
func.on	of	pT	without	strong	
dependence	on	either	y	or	√s		

Non-prompt	frac.on	of	ψ	

f

 
b ⌘ pp ! b+X !  +X

0

pp

inclusive�!  + x

0
=

N

np
 

N

np
 +N

p
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Rnp: √s=8	TeV	

Ra.o	of		ψ(2S) to	J/ψ for	
prompt	and	non-prompt	

à		Rp	slightly		increase	with	pT		while	
Rnp	is	flat,	both	without	strong	
dependence	on	either	y	or	√s			

Rnp: √s=7	TeV	
Rp: √s=7	TeV	 Rp: √s=8	TeV	

Rp	

Rnp	

Rp =
Np
 (2s)

Np
J/ 

and Rnp =
Nnp
 (2s)

Nnp
J/ 



B.2	J/ψ differential non prompt production at √s =13 TeV 	
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Non-prompt	frac.on	for	J/ψ:
à	6.4	pb-1	at	or	√s=13	TeV	
à	“first”	simplified	analysis	
due	to	large	cancella.ons	of	
uncertain.es	in	the	ra.o		
à	3	y-bins	0.00-0.75-1.50-2.00	

ATLAS-CONF-2015-030	

fJ/ 
b =

Nnp
J/ 

Nnp
J/ +Np

J/ 



B.2	J/ψ differential non prompt production at √s =13 TeV 	
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Non-prompt	frac.on	for	J/ψ:
à	6.4	pb-1	at	or	√s=13	TeV	
à	“first”	simplified	analysis	
due	to	large	cancella.ons	of	
uncertain.es	in	the	ra.o		
à	3	y-bins	0.00-0.75-1.50-2.00	

à  significant	dependence	on	pT	(0.25	at	8	Gev	à	0.65	at	40	GeV)	and	no	dependence	on	y	
à  no	significant	change	between	√s=7	TeV	and	√s=13	TeV,	contrary	to	significant	difference	

between		√s=7	TeV		and	lower	energies	(ATLAS	√s=2.76	TeV	AND	CDF	√s=1.96	TeV)				

ATLAS-CONF-2015-030	

fJ/ 
b =

Nnp
J/ 

Nnp
J/ +Np

J/ 



C.1	fs/fd determination at √s =7 TeV	
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b-fragmentation fractions : f

i

= Prob[

¯

b ! (

¯

bq

i

)]

q

i

⌘ u, d, s, c ) f

u

+ f

d

+ f

s

+ f

c

+ f

baryon

= 1

à	important	measurement	for	rare	decays,	searches,		cross	sec.ons		

L = 2.47 fb�1

at
p
s = 7TeV

)
⇢

B0
s ! J/ (µ+µ�) �(K+K�)

B0
d ! J/ (µ+µ�) K⇤0(K+⇡�)

R	eff	rela.ve	efficiencies	(acceptance	and	selec.on)	from	MC	sample	
B   branching	frac.ons	of		the	relevant	decay	modes	(world	averages)		

	 	Phys.	Rev.	Ley.	115,	262001	(2015)	

fs
fd

=
NB0

s

NB0
d

B
�
B0

d ! J/ K⇤0�

B (B0
s ! J/ �)

B
�
K⇤0 ! K�⇡+

�

B (�! K+K�)
Reff



C.1	fs/fd determination at √s =7 TeV	
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b-fragmentation fractions : f

i

= Prob[

¯

b ! (

¯

bq

i

)]

q

i

⌘ u, d, s, c ) f

u

+ f

d

+ f

s

+ f

c

+ f

baryon

= 1

à	important	measurement	for	rare	decays,	searches,		cross	sec.ons		

L = 2.47 fb�1

at
p
s = 7TeV

)
⇢

B0
s ! J/ (µ+µ�) �(K+K�)

B0
d ! J/ (µ+µ�) K⇤0(K+⇡�)

Bd0	

Bs0	R	eff	rela.ve	efficiencies	(acceptance	and	selec.on)	from	MC	sample	
B   branching	frac.ons	of		the	relevant	decay	modes	(world	averages)		

fs
fd

·
B
�
B0

s ! J/ �
�

B (B0
d ! J/ K⇤0)

= 0.199

⇢
±0.004(stat)
±0.008(syst.)

	 	Phys.	Rev.	Ley.	115,	262001	(2015)	

fs
fd

=
NB0

s

NB0
d

B
�
B0

d ! J/ K⇤0�

B (B0
s ! J/ �)

B
�
K⇤0 ! K�⇡+

�

B (�! K+K�)
Reff



16/06/16	
V.	Canale:	Heavy	Flavor	produc.on	with	the	ATLAS	experiment	at	LHC-	LHCP	2016	

23	

à	Ra.o	of	Bs	is	beyer	es.mated	from	theory	than	from	measurement,	recent	results	
(Phys.	Rev.	D89	(2014)	094010	and	arXiv:1309.0313v2)	has	global	7.1%	uncertainty:		

à	no	significant	dependence	on	pT	or		η	

B
�
B0

s ! J/ �
�

B (B0
d ! J/ K⇤0)

= 0.83+0.03
�0.02(!B)

+0.01
�0.00(fM )+0.01

�0.02(ai)
+0.01
�0.02(mc)

fs
fd

= 0.240 ± 0.004(stat.) ± 0.010(syst.) ± 0.017(theo.)



C.2	B± mass reconstruction in B±à J/ψ K± at √s =13 TeV 
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Important	test	of	ATLAS	tracking	
capability	for	future	B-physics	

B+ ! J/ (µ+µ�
) +K+, L = 3.2 fb�1

at

p
s = 13TeV

|y| < 2.5, dependence of mass resolution on y

|y| < 1.75 bins of �y = 0, 25 + 1.75 < |y| < 2.50 bins

ATLAS-CONF-2015-064	



C.2	B± mass reconstruction in B±à J/ψ K± at √s =13 TeV 
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Important	test	of	ATLAS	tracking	
capability	for	future	B-physics	

B+ ! J/ (µ+µ�
) +K+, L = 3.2 fb�1

at

p
s = 13TeV

|y| < 2.5, dependence of mass resolution on y

|y| < 1.75 bins of �y = 0, 25 + 1.75 < |y| < 2.50 bins

good	agreement	with	World	Average	à	valida.on	
of	momentum	calibra.on	of	the	ID	of	ATLAS		

ATLAS-CONF-2015-064	



C.3	D*± , D±  and Ds
± production at √s =7 TeV		
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2010	data	taking	at	√s=7	TeV	à	fiducial	phase	space	region	3.5<pT(D)<100	GeV	and	|η(D)|<2.1		

two trigger

data sample

⇢
low pT 2 [3.5, 20]GeV ) Minimum bias/Random ! L = 1.04nb

�1

high pT 2 [20, 100]GeV ) Jet Trigger E � 15GeV ! L = 280nb

�1

Nucl.Phys.	B907	(2016)	717	



C.3	D*± , D±  and Ds
± production at √s =7 TeV		
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2010	data	taking	at	√s=7	TeV	à	fiducial	phase	space	region	3.5<pT(D)<100	GeV	and	|η(D)|<2.1		

two trigger

data sample

⇢
low pT 2 [3.5, 20]GeV ) Minimum bias/Random ! L = 1.04nb

�1

high pT 2 [20, 100]GeV ) Jet Trigger E � 15GeV ! L = 280nb

�1

“low	“	pT	

“high	“	pT		

D⇤+ ! D0 ⇡s

D0 ! K�⇡+
D+ ! K�⇡+⇡+ D+

s ! � ⇡+

� ! K+K�

Fit :

signalz }| {
Gauss

mod / e�
1
2x

1+ 1
1+0.5x

+

backgroundz }| {
threshold function or quadratic exponential

Nucl.Phys.	B907	(2016)	717	
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Visible	cross	sec.ons	
in	“low”	and	“high”	
pT	regions:	
-  A	from	MC	sample	
-  B   world	average	
Systema.c	uncertain.es	dominated	:	
•  Tracking	(detector	material	in	MC);	
•  Luminosity	and	B for	Ds		

�pp!DX =
N(D)

A · L · B
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Visible	cross	sec.ons	
in	“low”	and	“high”	
pT	regions:	
-  A	from	MC	sample	
-  B   world	average	
Systema.c	uncertain.es	dominated	:	
•  Tracking	(detector	material	in	MC);	
•  Luminosity	and	B for	Ds		

Comparison	 of	 visible	 cross	
sec.ons	with	predic.ons:	
àagreement	with	GM-VFNS;	
à	 for	 FONLL,	 POWHEG,	
MC@NLO	 the	 central	 values	
are	 lower	 than	 data	 but	 are	
c o n s i s t e n t	 i n c l u d i n g	
theore.cal	uncertain.es	due	
to:	µ	scales,	mQ,	PDFs,	fQàD		

Extrapola.on	from	“visible”	à	total	phase	space	à	total	charm	cross	sec.ons	with	FONLL	for	low	pT	
sample	and	only	for	D*+	and	D+	

�pp!DX =
N(D)

A · L · B

�tot

cc̄

= 8.6 ± 0.3(stat.) ± 0.7(syst.) ± 0.3(lum.) ± 0.2(↵.)+3.8
�3.4(extr.)mb (ATLAS)

�tot

cc̄

= 8.5 ± 0.5(stat.)+1.0
�2.4(syst.) ± 0.3(lum.) ± 0.2(↵.)+5.0

�0.4(extra.)mb (ALICE)
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Differen.al	cross	
sec.on	in	pT	and	η 
for	D*+	and	D+		 D*+	 D+	

Comparison	 of	 data	with	
theore.cal	predic.ons:	
-	in	general	theory	below	
data	 but	 cons istent	
within			uncertain.es;	
-	 the	 shape	of	pT	 spectra	
wel l	 reproduced	 by	
FONLL,	 POWHEG	 while	
MC@NLO	slightly	harder;	
-	η  shape	 for	high	pT	 of	
MC@NLO	 pred ic.on	
differs	from	the	data;	
-	 GM-VFSN	 predic.ons	
agree	 both	 in	 shape	 and	
normaliza.on				

“low	“	pT	

“high	“	pT		



Conclusions	
•  LHC	 performances	 allowed	 ATLAS	 to	 make	 high	
precision	 measurements	 in	 the	 produc.on	 of	
quarkonium	(J/ψ, ψ2s,) and	HF	open	state	(b,	D+).  	

•  At	 LHC	 new	 kinema.cal	 regions	 (e.g.	 high	 pT)	 are	
available	 to	 deeply	 test	 the	 predic.ons	 	 of	 the	
different	models	for	QCD.	

•  Expect	 to	 fully	 exploite	 run-II	 to	 confirm	 and	 probe	
new	interes.ng	phenomena	in	HF	produc.on	even	in	
challenging	data-taking	condi.ons	for	HF	physics			
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