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Heavy	quark	produc*on	at	the	LHC	
•  Heavy	quarks	(c,b)	are	produced	in	hard	

partonic	scaVering	processes	
–  Large	Q2,	mc,b	>>	ΛQCD,	produc*on	

calculable	perturba*vely	down	to	pT	~	0	
GeV/c	

•  Hadron	cross	sec*on	calculated	using	
factorisa*on	approach:	
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•  Heavy	hadrons,	and	heavy-flavour	decay	electrons/muons	measured	in	pp	collisions:	
à  test	of	perturba*ve	QCD	calcula*ons		
à Reference	for	Pb-Pb,	p-Pb	measurements	

σ hh→H = fa (x1,Q
2 )⊗ fb(x2,Q

2 )⊗σ ab→qq ⊗Dq→H (zq,Q
2 )



Heavy	quark	produc*on	at	the	LHC	

•  In	p-Pb	collisions,	heavy-flavour	yield	can	be	
modified	by	various	effects:	
–  Ini/al	state	effects:	
							à	Nuclear	modifica*on	of	the	PDF	
							à	kT	broadening		
–  Final	state	effects:	
							à	Energy	loss	in	cold	nuclear	maVer	
							à	Collec*vity	in	small	systems?	
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More	differen*al	measurements	

On	top	of	fact	that	cross	sec*on	for	
2à2	hard	parton	scaVering	exceeds	the	
total	cross	sec*on	at	LHC:	
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Heavy-flavour	produc/on	as	a	func/on	of	mul/plicity	
•  Correla*ng	‘hard’	and	‘soh’	parts	of	the	collision	helps	

with	understanding	interplay	between	hard	and	soh	
processes	
–  ‘Underlying	event’	of	pp	and	p-Pb	collisions	more	complex	

than	simple	2à2	hard	partonic	scaVering	
•  Minijets	from	soher	mul*-parton	interac*ons	(MPI)	
•  Ini*al	and	final-state	radia*on	
•  Fragmenta*on	of	beam	remnants	

•  Also	allows	study	of	possible	centrality-dependent	
modifica*on	of	pT	spectra	in	p-Pb	w.r.t	pp	collisions	



More	differen*al	measurements	

•  Azimuthal	correla*ons	of	D	mesons	and	charged	par*cles	in	
pp	and	p-Pb	collisions:	
à Address	charm	jet/charm	fragmenta*on	proper*es	
à Study	possible	collec*ve	effects	in	p-Pb/high	mul*plicity	

pp	collisions	
à Reference	for	future	Pb-Pb	measurements,	providing	

further	informa*on	on	energy	loss	in	the	QGP	

Heavy-flavour	produc/on	as	a	func/on	of	mul/plicity	

D	meson-hadron	correla/ons	

On	top	of	fact	that	cross	sec*on	for	
2à2	hard	parton	scaVering	exceeds	the	
total	cross	sec*on	at	LHC:	
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A Large Ion Collider Experiment	
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D mesons à hadrons	

Inner	Tracking	System	(ITS)	
Time	Projec/on	Chamber	(TPC)	
Time	Of	Flight	detector	(TOF):	

Tracking,	PID	
|η|	<	0.8	

•  PID	using	TPC	via	dE/dx	and	TOF	via	*me	
of	flight	measurement	

•  Cuts	on	decay	topologies	exploi*ng	decay	
vertex	displacement	from	primary	vertex	

•  Signal	extrac/on	via	invariant	mass	
distribu*on		

•  Feed-down	subtracted	using	pQCD	
predic*on	of	D	mesons	from	b/c	

D0	à	K-π+	 	cτ	~	123	μm 	BR	~	3.88%	
D+	à	K-π+π+ 	cτ	~	312	μm 	BR	~	9.13%	
D*+	à	D0π+ 		- 	 	BR	~	67.7%	
DS

+	à	φπ+	(K-K+π+) 	cτ	~	150	μm 	BR	~	2.28%	
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Heavy-flavour	decay	electrons	
Electromagne/c	calorimeter	(EMCal):	

e±	trigger	+	PID	

Transi/on	radia/on	
detector	(TRD):	
e±	trigger	+	PID	

Inner	Tracking	System	(ITS)	
Time	Projec/on	Chamber	(TPC)	
Time	Of	Flight	detector	(TOF):	

Tracking,	PID	
|η|	<	0.8	

•  Background	contribu/ons	subtracted	from	
inclusive	electron	spectra	(γ	conversions,	π	and	
η	Dalitz	decays…)	

•  Cocktail	method	based	on	measured	
par*cle	spectra	where	possible	

•  Invariant	mass	method	(like	sign	–	unlike	
sign	electron	pairs)	

•  Also	possible	to	separate	beauty-decay	
electrons	via	impact	parameter	distribu*on		

Background	subtracted	via:	
•  Cocktail	method	based	on	measured	par*cle	spectra	

where	possible	
•  Invariant	mass	method	(like	sign	–	unlike	sign	electron	

pairs)	
Also	possible	to	separate	heavy-flavour	electrons	from	
beauty	via	impact	parameter	distribu*on		

Background	contribu/ons	subtracted	from	
inclusive	electron	spectra:	

•  Direct	and	decay	γ	conversions	
•  π	and	η	Dalitz	decays	
•  Quarkonia	dielectron	decays	
•  Semileptonic	kaon	decays	
•  High	p	T	W	decays	
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Heavy-flavour	decay	muons	

Background	subtracted	from	μ±	ß	b,	c	:	
•  Primary	π,	K	decays	es*mated	via	data	–

tuned	MC	cocktail	(p-Pb	collisions)	or	MC	
(pp	collisions)	

•  High	p	T	background	from	W	decays	
es*mated	via	MC	

Background	subtracted	via:	
•  Cocktail	method	based	on	measured	par*cle	spectra	

where	possible	
•  Invariant	mass	method	(like	sign	–	unlike	sign	electron	

pairs)	
Also	possible	to	separate	heavy-flavour	electrons	from	
beauty	via	impact	parameter	distribu*on		

Background	contribu/ons	subtracted	from	
inclusive	electron	spectra:	

•  Direct	and	decay	γ	conversions	
•  π	and	η	Dalitz	decays	
•  Quarkonia	dielectron	decays	
•  Semileptonic	kaon	decays	
•  High	p	T	W	decays	

Forward	muon	arm:	
Tracking	+	trigger	
-2.5	>	η	>	-4.0	
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Results	
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pT-differen*al	cross	sec*ons	
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•  pT-differen*al	cross	sec*on	measured	for	D0	,	D+,	D*,	Ds	,	heavy-flavour	decay	
muons,	heavy-flavour	decay	electrons	+	beauty-decay	electrons	at	√s	=	7	TeV,		
√s	=	2.76	TeV		

•  Described	by	pQCD	calcula*ons	within	uncertain*es	
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Examples…	 JHEP01(2012)128	 Phys.	Rev.	LeV.	109,	112301		(2012)	Phys.	Rev.	D	91	(2015)	012001	

D0	 HFàe	

HFàμ	

FONLL:	JHEP9805(1998)	007;	JHEP0103(2001)	006;	JHEP1210(2012)	137;	
CERN-PH-TH/2011-227;	JHEP05,	007	(1998)	
kT	factorisa*on	Phys.	Rev.D87	(2013)	094022	
	
	
	

GM-VFNS:Phys.	Rev.	LeV.96(2006)	012001;	Eur.	Phys.	J.	C72	(2012)	2082;	Nucl.	Phys.	B872	no.	2,	(2013)	253-264;	
Nucl.	Phys.	B876	no.	1,	(2013)	334-337;	Phys.Rev.D71	(2005)	014018;	Eur.	Phys.	J.C41	(2005)	199–212,	

13/04/16	 13	



 (GeV)s
10 210 310 410

b)
µ ( cc

σ

10

210

310

410
ALICE (total unc.)
ALICE extr. unc.
ATLAS (total unc.)
ATLAS extr. unc.
LHCb (total unc.)
STAR
PHENIX
NLO (MNR)

HERA-B (pA)

E653 (pA)

E743 (pA)

NA27 (pA)

NA16 (pA)

E769 (pA)

ALI−PUB−106053

)2c) (GeV/π(KM
1.75 1.8 1.85 1.9 1.95 2

2 c
C

ou
nt

s 
pe

r 5
 M

eV
/

900

1000

1100

1200

1300

1400

1500

1600

1700
310×

 ULS pairsπK
LS bkg
EvMix bkg
TrackRot bkg

ALICE =7 TeVspp, 

+π
- K→ 0D

and charge conjugate

c<1 GeV/
T
p0<

)2c) (GeV/π(KM
1.75 1.8 1.85 1.9 1.95 2

2 c
C

ou
nt

s 
pe

r 5
 M

eV
/

0

2000

4000

6000

8000

10000

12000
Track-rotation bkg subtracted

)2c) (GeV/π(KM
1.75 1.8 1.85 1.9 1.95 2

2 c
C

ou
nt

s 
pe

r 5
 M

eV
/

0

5000

10000

15000

20000

25000

30000
LS bkg subtracted

ALI−PUB−106008

Low	pT	D0-meson	cross	sec*on	

•  Analysis	with	PID	and	detailed	study	of	
background	(no	topological	selec*on)	allows	
for	D0	measurement	down	to	pT	=	0	GeV/c	

•  Allows	for	factor	~	2	reduc*on	of	
systema*c	uncertainty	on	overall	charm	
cross	sec*on	at	√s	=	7	TeV	

Phys.	Rev.	C	94	(2016)	054908		
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D-meson	yield	vs	dNch/dη	

Self-normalised	yield	as	a	func*on	of	dNch/dη	in	pp	collisions:	
•  Increases	steeper	than	linearly	
•  No	pT	dependence	
•  Models	including	MPIs	+	hydrodynamical	effects	can	qualita*vely	reproduce	the	

observed	trend	
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Percola*on:	arXiv:1501.03381,	EPOS3:	Phys.Rept.	350	(2001)	93–289;	Phys.Rev.C89	(2014)	064903,	PYTHIA:	Comput.Phys.Commun.	178	(2008)	852–867	

JHEP	09	(2015)	148	
pp	collisions:	
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D-meson	yield	vs	dNch/dη	

EPOS3:	Phys.Rept.	350	(2001)	93–289;	
														Phys.Rev.C89	(2014)	064903	
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Self-normalised	yield	as	a	func*on	of	dNch/dη	in	p-Pb	collisions:	
•  Increases	steeper	than	linearly	
•  No	pT	dependence	
•  Reproduced	by	model	including	hydrodynamic	flow	

JHEP	8	(2016)	1-44		
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p-Pb	collisions:	
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Azimuthal	correla*ons	

•  D-meson	and	charged	par*cles	azimuthal	correla*on	(Δφ)	distribu*on	in	
pp	and	p-Pb	collisions	compa/ble	within	uncertain/es	

•  Baseline	subtracted	Δφ	distribu*on,	and	associated	yield,	with	of	near-
side	peak	and	baseline	in	agreement	with	PYTHIA	6,	PYTHIA	8,	POWHEG
+PYTHIA	

	arXiv:1605.06963	
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D-meson	RpPb	

•  D-meson	RpPb	mostly	consistent	with	
unity	for	all	D-meson	species	
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-  pQCD	NLO	(MNR):	Nucl.	Phys.	B	373	(1992)	295,	JHEP	04	(2009)	065,	JHEP	0310	(2003)	046,	CGC:	arXiv:1308.1258,	Vitev:	Phys.	Rev.	C	80	(2009)	054902	

Phys.	Rev.	LeV.	113	(2014)	232301	

•  Compa*ble	with	models	which	include	ini/al-state	effects	+	CNM	energy	loss	
•  Verifica*on	that	large	suppression	in	Pb-Pb	collisions	due	to	final	state	effects	
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Phys.	Rev.	C	94	(2016)	054908	
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D-meson	RpPb	
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1
A
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•  Compa*ble	with	models	which	include	ini/al-state	effects	+	CNM	energy	loss	
•  Compa*ble	with	models	including	medium	effects	(small	QGP)	

-  pQCD	NLO	(MNR):	Nucl.	Phys.	B	373	(1992)	295,	JHEP	04	(2009)	065,	JHEP	0310	(2003)	046,	CGC:	arXiv:1308.1258,	Vitev:	Phys.	Rev.	C	80	(2009)	054902	

Phys.	Rev.	C	94	(2016)	054908	
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•  D-meson	RpPb	mostly	consistent	with	
unity	for	all	D-meson	species	
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D-meson	QpPb	

•  QpPb	equivalent	to	RpPb	
measured	in	different	
mul*plicity	(centrality)	intervals	

•  Centrality	determined	using	
Zero-Degree	Neutron	
Calorimeter	(ZN)	

à No	centrality	dependence	seen		
					in	the	D-meson	QpPb	

Qmult
pPb (pT ) =

1
TpPb
mult

dNpPb / dpT
dσ pp / dpT

Also	bias	rela*ng	to	centrality	
determina*on	in	smaller	mul*plicity	gap	
studied	measuring	centrality	in	V0,	and	
Silicon	Pixel	detector	(SPD)	

JHEP	8	(2016)	1-44		
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Heavy-flavour	decay	lepton	RpPb	
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Phys.	LeV.	B	754	(2016)	81-93	
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•  RpPb	of	inclusive	heavy-flavour	decay	electrons	and	electrons	
from	beauty-hadron	decays	consistent	with	unity	
•  Compa*ble	with	models	that	include	ini*al-state	+	cold	

nuclear	maVer	effects	
•  RpPb	of	heavy-flavour	decay	muons	described	by	calcula*ons	

including	ini*al-state	+cold	nuclear	maVer	effects	
Kang	et	al.:	PLB	740	(2015)	23	;	Sharma	et	al.:Phys.	Rev.	C80	(2009)	054902;FONLL	M.	Cacciari	et	al.,	
JHEP	9805	(1998)	007;	EPS09:	K.	J.	Eskola	et	al.,	JHEP	04	(2009)	065;	
	pQCD	NLO	(MNR):	Nucl.Phys.	B	373	(1992)	295;	EPS09:	JHEP	04	(2009)	065	;Z.	B.	Kang	et	al.:	PLB	740	(2015)	23	;	
I.	Vitev:	PRC	75	(2007)	064906	
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Heavy-flavour	decay	lepton	RpPb	
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•  RpPb	of	inclusive	heavy-flavour	decay	electrons	and	electrons	
from	beauty-hadron	decays	consistent	with	unity	
•  Compa*ble	with	models	that	include	ini*al-state	+	cold	

nuclear	maVer	effects	
•  RpPb	of	heavy-flavour	decay	muons	described	by	calcula*ons	

including	ini*al-state	+cold	nuclear	maVer	effects	
Kang	et	al.:	PLB	740	(2015)	23	;	Sharma	et	al.:Phys.	Rev.	C80	(2009)	054902;FONLL	M.	Cacciari	et	al.,	
JHEP	9805	(1998)	007;	EPS09:	K.	J.	Eskola	et	al.,	JHEP	04	(2009)	065;	
	pQCD	NLO	(MNR):	Nucl.Phys.	B	373	(1992)	295;	EPS09:	JHEP	04	(2009)	065	;Z.	B.	Kang	et	al.:	PLB	740	(2015)	23	;	
I.	Vitev:	PRC	75	(2007)	064906	
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Summary	and	outlook	
•  Lots	of	interes/ng	results	from	LHC	Run	1	data	in	pp	and	p-Pb	collisions	

•  High-precision	charm	+	beauty	produc*on	cross	sec*ons	measured	
•  Mul*plicity	dependent	yield	of	heavy-flavour	par*cles	measured	to	probe	

produc*on	mechanisms,	faster	than	linear	increase	in	yield	as	func*on	of	
mul*plicity	

•  First	D-hadron	azimuthal	correla*on	measurement	in	pp	and	p-Pb	collisions	
consistent	with	event	generators	

•  RpPb	and	QpPb	consistent	with	unity	and	models	including	cold	ma]er	effects	
•  No	centrality	dependence	in	D-meson	QpPb	
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Summary	and	outlook	

•  Much	more	to	look	forward	to	for	Run	2	and	beyond…	
•  Successful	2016	p-Pb	run	allowed	for	~6x	minimum	bias	sta/s/cs	at	√sNN	=	5.02	

TeV,	plus	large	sample	at	√sNN	=	8.16	TeV		
	à	Can	reduce	sta*s*cal	uncertainty	of	all	measurements	
	à	How	do	measurements	scale	with		√sNN	?	

•  Large	sample	of	high-mul/plicity	triggered	pp	data	at	√s	=	13	TeV	will	allow	to	
improve	high-mul*plicity	measurements	

•  Upgrade	program	for	Run	3	(2021)	includes	full	ITS	upgrade,	Muon	Forward	Tracker	
(MFT),	con*nuous	TPC	readout	for	precision/sta*s*cal	improvement...	

Stay	tuned	for	many	more	exci/ng	results	
13/04/16	 24	

•  Lots	of	interes/ng	results	from	LHC	Run	1	data	in	pp	and	p-Pb	collisions	
•  High-precision	charm	+	beauty	produc*on	cross	sec*ons	measured	
•  Mul*plicity	dependent	yield	of	heavy-flavour	par*cles	measured	to	probe	

produc*on	mechanisms,	faster	than	linear	increase	in	yield	as	func*on	of	
mul*plicity	

•  First	D-hadron	azimuthal	correla*on	measurement	in	pp	and	p-Pb	collisions	
consistent	with	event	generators	

•  RpPb	and	QpPb	consistent	with	unity	and	models	including	cold	ma]er	effects	
•  No	centrality	dependence	in	D-meson	QpPb	



Backup	
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Correla*ons	

f (Δϕ ) = b+ ANS

2πσ fit,NS

e
−
(Δϕ )2

2σ 2fit ,NS +
AAS

2πσ fit,AS

e
−
(Δϕ−π )2

2σ 2fit ,AS

baseline	 Away	side	peak	Near	side	peak	

•  Fit	func*on	described	proper*es	of	
azimuthal	correla*ons	

•  2	Gaussian	terms	describing	near	
and	away	side	peaks	

•  Constant	term	describing	the	
baseline	

•  Integrals	of	gaussian	terms	ANS	,AAS	–	
associated	par*cle	yields	

•  σfit,NS,	σfit,AS	quan*fy	widths	of	the	
correla*on	peaks.	

•  b	represents	physical	minimum	of	the	
Δφ	distribu*on	
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Correla*ons	

Baseline	subtracted	Δφ	distribu*on,	and	associated	yield,	with	of	near-side	
peak	and	baseline	in	agreement	with	PYTHIA	6,	PYTHIA	8,	POWHEG+PYTHIA	
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D-meson	QpPb	

Increasing	η-gap	between	D-mesons/	mul*plicity	es*mator	

−3.7<η<−1.7	(V0C)	and	2.8<η<5.1	(V0A)	SPD:	|η|<2.0	and|η|<1.4	 ZDC	

•  Analysis	repeated	with	different	mul*plicity	es*mators	including	SPD,	V0	and	ZDC	

13/04/16	 28	



D-meson	yield	vs	dNch/dη	in	PYTHIA	

•  PYTHIA	8	includes	updated	descrip*on	of	MPIs,	ISR/FSR	
•  Yield	vs	mul*plicity	in	PYTHIA	can	give	insight	into	how	each	process	

contributes	
13/04/16	 29	
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Different	mul*plicity	es*mators	

•  Faster	than	linear	increase	in	yield	as	func*on	of	mul*plicity	using	SPD	mul*plicity	
es*mator	

•  ~Linear	increase	in	yield	as	func*on	of	mul*plicity	using	V0A	mul*plicity	es*mator	
							à	Different	scaling	of	charged	par*cle	mul*plicity	with	number	of	par*cipant	nucleons	

SPD:	|η|<2.0	and|η|<1.4	 2.8<η<5.1	(V0A)	(Pb	going	direc*on)	

à	Phys.Rev.	C91	(2015)	no.6,	064905	
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D-meson	yield	in	pp	and	p-Pb	collisions	

•  Similar	increase	for	D-meson	yields	as	func*on	of	mul*plity	in	pp	and	p-Pb	collisions	
•  Curve	gets	less	steep	for	p-Pb	with	larger	η	gap	
								à	pp	collisions	–	MPIs	
								à	p-Pb	collisions	–	mul*ple	(soher)	nucleon-nucleon	collisions	
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Heavy-flavour	electron	yield	vs	dNch/dη	
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•  Qualita*vely	similar	faster	than	linear	increase	for	heavy-flavour	electron	yield	as	a	
func*on	of	mul*plicity	

•  Described	by	EPOS,	beVer	agreement	with	hydrodynamical	evolu*on	
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Non-prompt	J/ψ	yield	vs	dNch/dη	

•  Non-prompt	J/ψ	yield	determined	from	
simultanious	fit	to	invariant	mass	of	e+e-	
pairs	and	pseudo-proper	decay	length	
(inclusive	j/psi	here?)	

•  Similar	increase	of	yield	as	func*on	of	mul*plicity	to	D-mesons	
							àMost	likely	related	to	the	cc	̄	and	bb	̄	produc*on	processes,	and	is	not		
								significantly	influenced	by	hadronisa*on		
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