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E-loss:	elas;c/collisional	and	inelas;c/radia;ve…	
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1.3.2 Perturbative description of jet-quenching

What we can learn from jet-quenching first relies on our understanding of the pertur-

bative aspect of the phenomenon [22]. If the probes themselves are well under control,

then we can make further statements on the nature and behavior of the medium. The

probe in discussion, namely the jets, are rather well understood in vacuum with the

methods discussed earlier in this section. One naturally attractive goal is then to in-

corporate the medium e↵ects into this picture. There are di↵erent formalisms based

on di↵erent set of assumptions or approximations, that attempt to implement this

calculation. In all cases, the system under discussion involves many particles, which

is easier to treat with MC generators, rather than analytical solutions.

A rough classification of the types of energy-loss may be the two components:

• energy transmitted to nearby medium constituents via elastic processes, referred

to as collisional energy loss,

• medium-induced radiation of partons out of the cone due to decoherence of the

parton wavefunction during the interaction with the medium, called radiative

energy loss,

Figure 1-9: Elastic and inelastic processes inside the medium. [3]

The collisional energy-loss is also referred to as energy-loss due to elastic pro-

cesses, since their description with diagrams have the same particles in the initial
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Parton	type/mass	dependence	of	energy	loss	
-	back	to	“early”	(RHIC	inspired)	LHC	predic;ons	
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Compare with Model Calculations 

Models corresponding to charm spatial diffusion 
coefficient of 2-12 for Tc-2Tc describe D0 RAA and 
v2. Lattice calculations consistent with this range. 

23 Zhenyu Ye 
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STAR Preliminary

•  Significant suppression for D0 production at high pT in central 200 GeV 
Au+Au collisions. Results at low pT, other centrality and p/d+Au soon 

STAR 2010/11: PRL 113 (2014) 142301 

•  High pT: significant suppression 
in central Au+Au collisions 

•  New Au+Au HFT results have 
improved statistical and 
systematic precision 

•  p+p precision to be improved 
using 2015 data Despite	vastly	different	centrality	selec;ons	for	v2	and	RAA		
–	a	similar	picture	to	LHC:	
-  RAA	of	D	at	high-pT	similar	to	light-hadrons	
-  D	flows	within	the	medium	(similar	to	strange-hadrons)	–	mass	scaling	

Charm	RAA
RAA (D-meson) ~ RAA (h) at high pT ~> 4 GeV/c 
• significant suppression of charmed hadron RAA in central A+A collisions
• strong charm-medium interactions 
• mass effect expected important at low pT, dead-cone effects etc.

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 5

Spa)al	diffusion	within	QGP	
needed	to	describe	the	data	
	
	
	
Electrons	from	B-hadrons	=>	
beauty	less	suppressed	than	
charm	(low-pT	<	5)	
-  Needs	bePer	precision(!)	

…more	measurements:	non-
prompt	J/y;	di-leptons	

Beauty?
• RAA (B->e) > RAA (D->e, h) @low pT
• B+ & b-jet ~ light hadrons & charm @high pT

STAR, QM17

Highly	desired:	
precision	measurements	
of	B	@pT ~O(mb)		

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 7

Charm and bottom RAA!

•  b!e is less suppressed than c!e in 3.0-5.0 GeV/c in 
0-10% Au+Au.

•  c!e in 0-10% is more strongly suppressed than in MB.
10/31/17! Recent!Heavy!Flavor!and!Quarkonia!measurements!in!PHENIX! 7!
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So,	aren’t	we	there	yet?	
Apparently,	close	but	not	quite	there	yet:	
	
•  Present	measurements/uncertain;es	(apparently)	do	not	yet	allow	to	

“eliminate”/discriminate	between	models*		
–  details	mamer;	most	model	are	within	a	1-2s	of	exp.	uncertain;es	–	ooen	large)		

•  =>	robust	HF	measurements	input	to	microscopic	descrip;on	of	QGP?	
•  Gluon	splipng	within	the	parton	shower	complicates	conclusions	(what	

energy/virtuality(?)	scale	is	important?	=>	what	object	looses	energy)	
•  More	differen;al	measurements	needed	to	pin	down	the	thermaliza;on	

(energy	scale?	–	low-pT	/	non-perturba;ve	processes)	
–  HF	coalescence/recombina;on	needs	precision	(focus	on	rela%vely	low-

momentum)	
–  =>	s;ll	important:	HF	“indestruc;ble”	probe	of	QGP		

•  =>	a	bemer	tool	than	light	flavor	
•  Longitudinal	diffusion	coefficient	T-dependent?	
•  RHIC	measurements	(especially	beauty)	stat.	(and	syst.)	limited	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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Longitudinal	diffusion	-	temperature	and/or	
density	dependence?	

•  Is	there	an	equivalent	using	all	data	for	diff.	coeff.?	
2nd of November 2017 Heavy-flavor Workshop, Berkeley

13	
11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

Phys.Rev.	C90	(2014)	014909	

1.3.2 Perturbative description of jet-quenching

What we can learn from jet-quenching first relies on our understanding of the pertur-

bative aspect of the phenomenon [22]. If the probes themselves are well under control,

then we can make further statements on the nature and behavior of the medium. The

probe in discussion, namely the jets, are rather well understood in vacuum with the

methods discussed earlier in this section. One naturally attractive goal is then to in-

corporate the medium e↵ects into this picture. There are di↵erent formalisms based

on di↵erent set of assumptions or approximations, that attempt to implement this

calculation. In all cases, the system under discussion involves many particles, which

is easier to treat with MC generators, rather than analytical solutions.

A rough classification of the types of energy-loss may be the two components:

• energy transmitted to nearby medium constituents via elastic processes, referred

to as collisional energy loss,

• medium-induced radiation of partons out of the cone due to decoherence of the

parton wavefunction during the interaction with the medium, called radiative

energy loss,

Figure 1-9: Elastic and inelastic processes inside the medium. [3]

The collisional energy-loss is also referred to as energy-loss due to elastic pro-

cesses, since their description with diagrams have the same particles in the initial

37

q̂ê
RHIC	ó	LHC	complementarity	

Compare with Model Calculations 

Models corresponding to charm spatial diffusion 
coefficient of 2-12 for Tc-2Tc describe D0 RAA and 
v2. Lattice calculations consistent with this range. 

23 Zhenyu Ye 
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Tech.	progress	/	upgrades	

•  ALICE	Upgrade	–	redesign	of	central	tracking	
(ITS+TPC)	–	Run-3	–	2019+	

•  ATLAS	&	CMS	in	high	luminosity	LHC	
– ATLAS:	trigger;	major	upgrade	in	LS3	(aoer	Run-3)	
– CMS:	incremental	->4	layer	pixel,	DAQ,	trigger/HLT	

•  LHCb	– r/o,	trigger	upgrade		
–  take	full	collision	rate	&	online	event	selec;on	(sooware	
trigger)	50/u	in	5	years	

•  RHIC	<=>	SPHENIX	+	cri;cal	(for	HF)	upgrade	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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ALICE	
•  An	upgrade	enabling	ALICE	running	at	high-rates	(benchmark:	50kHz	PbPb	interac;ons	rate)	
•  Major	focus	on	heavy-flavor	physics	(central	barrel	and	forward	muon	arm)	
•  Con;nuous	readout	Time	Projec;on	Chamber	–	GEM	w/	retained	PID	capabili;es	
•  Forward	muon	tracking	–	3xMAPS	->	impact	parameter	for	muons	(2.5	<	η	<	3.5)	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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ALICE | HFWorkshop2017 | 31.10.2017| Stefania Beolè  

ALICE ITS Upgrade 

5 

ITS Upgrade Design Objectives 
Improve impact parameter resolution:  
by a factor ~3 in rφ and ~5 in z at pT=500MeV/c 
1.  get closer to IP: 39mm � 23mm (innermost layer) 
2.  reduce material budget: ~1.14% X0  � ~0.3% X0 

(inner layers) 
3.  reduce pixel size: 50x425µm2 � O(30x30µm2) 
4.  Spatial resolution: currently 12 µm x 100 µm (SPD) 

Æ5 µm x 5 µm 

Exploit LHC luminosity increase èFast 
readout    
•  readout of Pb-Pb at up to 100 kHz 

(presently 1kHz) and 200kHz for pp 

Improve tracking efficiency and pT resolution 
at low pT    
•  increase granularity: 6 layers  � 7 pixel layers 
 Withstand radiation load (10 years operation):  

•  TID: ~ 270 krad, NIEL: ~1.7x1012 1MeV neq/ cm2 

 
Fast insertion and removal 
•  possibility to replace non-functioning detector 

staves during yearly shutdown 



RHIC	Multi-Year	Plan:		sPHENIX	2022-2026+

• Precision	2nd vertexing for	B-tagging:
• Tracking	resolution	better	than	30um	
@pT=1GeV

• High	multiplicity	HI	collisions
• Low	multiplicity	but	high	rate	p+p collisions
• High	efficiency	and	high	purity

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 13

B	hadrons/pT<15GeV:	O(1M)
b-jets/pT>15GeV:	O(100K)

				sPHENIX	– new	RHIC	detector	
sPHENIX	– the	Next	Generation	HI	Experiment	@RHIC

• To	study	the	inner	workings	of	QGP
• Jets
• Upsilons
• Heavy	flavors	

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 3

US	DOE	NSAC	LRP	2015

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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sPHENIX	– the	Next	Generation	HI	Experiment	@RHIC

• To	study	the	inner	workings	of	QGP
• Jets
• Upsilons
• Heavy	flavors	

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 3

US	DOE	NSAC	LRP	2015

Main	focus	on	light	flavor	jets…	
Context	for	heavy-flavor	at	RHIC:		
addi;onal	vertex	detector	for	jet	and	b-tagging	

Central	Tracking	Systems

10/30/17 Ming	Liu,	HF	Workshop	@LBNL 9

Handle	interac;on	rates	of	about	200kHz	in	
AuAu	and	13MHz	in	pp	(run	trigger	at	15kHz)	

*	Snapshot	of	a	schedule…	

Summary
• sPHENIX	is	the	next	flagship	heavy	ion	physics	

experiment	in	the	US	(NSAC	LRP2015)

• Jets

• Upsilons

• B-jets	and	B	hadrons

• MVTX	upgrade	will	complete	QGP	heavy	flavor	

physics

• Unambiguous	determination	of	key	parameters	of	

QGP	properties	and	interactions

• Precision	study	of	the	“inner	workings	of	

QGP”(LRP15)		

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 25

Complement		&	extend	current	and	
future	RHIC	and	LHC	QGP	programs

sPHENIX	Three	Physics	Pillars	
Jets Upsilons

B

D

Frawley’s	Talk



ATLAS	
•  Phase-1	upgrade	(2019-2020)	

–  Fast	Tracker	(sooware	level	track	trigger)		
•  =>	improved	triggering	strategy	

–  High	momentum	HF	hadrons	in	Run-3	(on	par	with	CMS)	
•  Phase-2	upgrade	(2024-2026)	=>	HL-LHC	

–  New	inner	tracking	detector	(ITk)		
–  Pseudrapidity	coverage	of	up	to	+/-4.0	units	(muons)	
–  Improved	tracking	resolu;on	(reduc;on	of	systema;c	

uncertain;es)	

2nd of November 2017 Heavy-flavor Workshop, Berkeley

17	

Physics Division

ATLAS Inner Tracker (ITk) System at HL-LHC

7

• Completely new, all-Silicon, Tracker with coverage to η=4
• All Silicon tracker 

adapted to 7.5x1034

• Channel count 
increased by > 10 to 
provide similar 
occupancy to Run 1.

• Four Strip layers 
optimized for outer 
tracking requirements.

• Five Pixel layers using 
65nm ASIC for 50x50µ
readout. 

• Novel layout concepts 
extend tracker 
coverage to max 
possible in available 
space and B-field.

Physics Division

ATLAS Inner Tracker (ITk) System at HL-LHC

8

• Preliminary layout from Strip TDR
Layout Studies:

LBL:
Simon Viel
Haichen Wang
Andrea Gabrielli
Peilian Liu
Simone Pagan-Griso
Heather Gray
Sasha Pranko
Wiming Yao
Neal Hartman
Ben Nachman
Zach Marshall
Maurice Garcia-
Sciveres

visitors (U. Louisville)
Swagato Banerjee
Atanu Pathak

• LBL roles in tracker 
layout (especially 
Pixels) very 
significant.

• Simulation software, 
layout configurations, 
coordination roles, 
plus many decades of 
tracking experience 

• Critical activity now in 
novel concepts for 
innermost removable 
layers, which 
dominate tracker 
performance.

Physics Division

HL-LHC Overview

2

• Major upgrade of LHC accelerator (950 MCHF CORE)

• Operation to start in 2026 at end of LS3
• Nominal performance: 

→ Lumi-leveled 5x1034 ~240 fb-1/yr
→ Fill 8 hrs (5 hrs level, 3 hrs refill), 160 pp days

• Ultimate performance (possible, not 
guaranteed):
→ Lumi-leveled 7.5x1034 ~320 fb-1/yr
→ Fill 5 hrs (3 hrs level, 3 hrs refill), 160 pp days

Fast	tracker	TDR:	hmps://cds.cern.ch/record/1552953?ln=en	
ITK	TDR:	hmps://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf	
Phase2	LoI:	hmps://cds.cern.ch/record/1502664/files/LHCC-I-023.pdf	



Short-	&	Long-term	-	Data	

•  Present	AA	data:	
–  RHIC:	finalizing	STAR	analyses	with	HFT	
–  LHC:	mid-Run-2	(x2+	2018)	ALICE,	ATLAS,	CMS,	LHCb		

•  New	AA	data:	
–  RHIC:	>	2022	sPHENIX	
–  LHC:	>LS2	(10+/nb)	ALICE,	ATLAS,	CMS,	LHCb*(non	central	collisions	only?)	

•  Time	to	reconsider	[big]	picture	ques;ons?		
– What	is	really	missing?	(All	“present”	will	be	improved)	
– What	observables	accessible	vs.	which	are	*good*?	
–  Some	usual	suspects	… new	to	be	iden;fied…	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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TOWARDS	FUTURE	
MEASUREMENTS…	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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Elip;c	flow	

2nd of November 2017 Heavy-flavor Workshop, Berkeley

20	
Project	Elliptical	Flow	v2

10/31/17 Ming	Liu,	HF	Workshop	@LBNL 24

Open	questions:	

quasi-particles, medium	interactions,	fragmentation/coalescence	etc.

LHC	Run-3:	High	precision	v2	(and	v3)	for	charm;	good	sta;s;cs	for	v2	of	beauty		
RHIC:	precise	v2D;	access	to	flow	of	beauty	with	~15%	(or	bemer)	uncertainty	



Thermaliza;on	of	HF?	
Novel	approaches	–	high	stat.	required	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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“Event	shape	engineering”	–	event	selec;on	technique	–	separate	events	with	
large	and	small	v2	–	q-vector	selec;on	(propor;onal	to	the	event	eccentricity	ε)	
Goal:	study	the	sensi;vity	of	the	charm	to	the	collec;ve	mo;on	of	the	bulk		
⇒ the	degree	of	thermaliza;on	

For	thermal	D0:	v2	
must	increase	
linearly	with	⟨ε2⟩	-	
similar	to	the	light	
flavor	hadrons	 Small	ε2	

Large	ε2	

ALICE	projec;on	



(Radial)	Flow		
&	coalescence/recombina;on	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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Test	with	charmed	baryon	/	meson	ra;o	

ALICE	Projec;on	
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Analogue	baryon/meson	–	light	sector	
-  Low-pT	hydrodynamics/flow	
-  Intermediate	–	recombina;on/coalescence	
-  High-pT	–	dominated	by	hard	jet	fragmenta;on	
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Figure 8.19: Nuclear modification factor of D0 from B decays (left) and J/ from B
decays (right, only statistical uncertainties) for central Pb–Pb collisions (L

int

= 10nb�1).
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Figure 8.20: Enhancement of the ⇤
c
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=
10nb�1) with respect to pp collisions. Two model calculations [62, 69] are also shown.

the nuclear modification factor of D0 and J/ from B decays is shown in Fig. 8.19. For
prompt and non-prompt D0 mesons, the uncertainties for p

T

> 16GeV/c were extrapol-
ated from those estimated at low p

T

. For all particles, it is assumed that the pp reference
has negligible statistical uncertainties with respect to Pb–Pb. Some of the systematic
uncertainties are partly cancelled in the ratio (tracking and cut selection e�ciency).

Figure 8.20 shows the enhancement of the ⇤
c

/D0 ratio in central Pb–Pb (0–20% for
L

int

= 10nb�1) with respect to pp collisions. It is assumed that the statistical uncertainties
for the D0 measurements and for the ⇤

c

measurement in pp are negligible with respect to
those for the ⇤

c

measurement in Pb–Pb. The points are drawn on a line that captures
the trend and magnitude of the ⇤/K0

S

double-ratio. Two model calculations [62, 69] are
shown to illustrate the expected sensitivity of the measurement.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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Nuclear	modifica;on	factor	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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RHIC	 LHC	(examples)	
Projected	RAA

10/30/17 Ming	Liu,	HF	Workshop	@LBNL 23

Open	questions:	
energy	loss	mechanisms, fragmentation/coalescence	,	QGP	medium	etc.

Key	measurements:	
-  Focus	on	the	lower	part	of	pT	range	
-  Precision	for	HF	vs.	light	parton	energy	loss	
-  High	sta;s;cs	measurements	of	Ds	– coalescence	in	heavy-flavor	sector	
-  Precision	beauty	vs.	charm	suppression	(pT>5	GeV/c)	
-  Quan;ta;ve	progress:	compare	and	contrast	RHIC	and	LHC	

-  In	par;cular:	very	different	regimes	for	gluon	splipng…	(not	present	at	RHIC)	
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Charm	and	beauty	energy	loss	
prompt	vs.	non-prompt	D-meson	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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Heavy-flavor	– jets	–	b-jet	example	

2nd of November 2017 Heavy-flavor Workshop, Berkeley

25	Summary
• sPHENIX	is	the	next	flagship	heavy	ion	physics	

experiment	in	the	US	(NSAC	LRP2015)

• Jets

• Upsilons

• B-jets	and	B	hadrons

• MVTX	upgrade	will	complete	QGP	heavy	flavor	

physics

• Unambiguous	determination	of	key	parameters	of	

QGP	properties	and	interactions

• Precision	study	of	the	“inner	workings	of	

QGP”(LRP15)		

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 25

Complement		&	extend	current	and	
future	RHIC	and	LHC	QGP	programs

sPHENIX	Three	Physics	Pillars	
Jets Upsilons

B

D

Frawley’s	Talk

Projected	RAA

10/30/17 Ming	Liu,	HF	Workshop	@LBNL 23

Open	questions:	
energy	loss	mechanisms, fragmentation/coalescence	,	QGP	medium	etc.

Beauty?
• RAA (B->e) > RAA (D->e, h) @low pT
• B+ & b-jet ~ light hadrons & charm @high pT

STAR, QM17

Highly	desired:	
precision	measurements	
of	B	@pT ~O(mb)		

10/29/17 Ming	Liu,	HF	Workshop	@LBNL 7
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@	LHC:	Reach	to	low-pT	-	20-30	GeV?	(ALICE,	ATLAS,	CMS)	
@	RHIC:	New	capabili)es	-	reach	to	high-pT	with	sPHENIX	

2 

Jet	RAA	at	high-pT	

 
l  Jet RAA high-pT:  

l  the role of color coherence 
l  flavor dependence of energy loss 
l  overall strength of the energy loss 
l  and more 

l  Significant improvement in precision 
expected 

Significant jet 
suppression 

seen at the TeV 
scale 

ATLAS-CONF-2017-009 

ATLAS 

HL-LHC workshop 

Example:	inclusive	(light)	jets		
Much	needed,	strong	
improvement	in	precision	
is	expected	but	also…	



Correla;ons	
(a	la	two-par;cle)	

•  Comments	on	LHC…	
•  HF-hadron	–	precision	in	LHC	Run-3	

– D	hadron-jet	correla;ons	in	general	
•  HF-HF	and	photon-HF		

–  feasible	but	precision	ques;onable	–	order(s)	of	
magnitude	penalty	in	sta;s;cal	uncertain;es	(depends	
on	experimental	acceptance	and	kinema;cs)	=>	Run-4?	

– Certainly	good	for	disentangling	gluon	splipng	from	
flavor	crea;on	but	unclear	if	required	for	discrimina;on	
between	energy-loss	models	

2nd of November 2017 Heavy-flavor Workshop, Berkeley

26	

Δφ



Pair	crea;on	vs.	gluon	splipng…�
Rela;on	to	similar	RAA	for	heavy	and	light-quarks?	

27	
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Fig. 1 The contributions of the different production processes to inclusive b-jet production in 7 TeV pp collisions are shown as a function of b-jet
pT, as given by PYTHIA 6.423 and obtained for truth-particle jets. The plot on the left (a) shows the contribution of quark pair creation, heavy
flavour quark excitation and gluon splitting; the plot on the right (b) shows the different processes contributing to gluon splitting, namely initial-
and final-state gluon splitting, the latter leading to jets with one or two b-hadrons. Truth-particle jets are reconstructed with the anti-kt R = 0.4
algorithm in the |y| < 2.1 rapidity region.

5 Theoretical predictions

5.1 Heavy flavour production

Following the discussion in [35], heavy flavour quark pro-
duction in hadronic collisions may be subdivided into three
classes depending on the number of heavy quarks participat-
ing in the hard scattering. Hard scattering is defined as the
2→ 2 subprocess with the largest virtuality (or shortest dis-
tance) in the hadron-hadron interaction. In the following, Q
stands for a heavy flavour quark, q for a light flavour quark
and g for a gluon:

– Quark pair creation: two heavy quarks are produced in
the hard subprocess. At leading order this is described
by gg→QQ̄ and qq̄→ QQ̄.

– Heavy flavour quark excitation: a single heavy flavour
quark from the sea of one hadron scatters against a par-
ton from another hadron, denoted gQ→ gQ and qQ→
qQ, respectively. Alternatively, the heavy flavour quark
excitation process can be depicted as an initial-state gluon
splitting into a heavy quark pair, where one of the heavy
quarks subsequently enters the hard subprocess.

– Gluon splitting: in this case heavy quarks do not parti-
cipate in the hard subprocess at all, but are produced in
g→ QQ̄ branchings in the parton shower.

The relative contributions of the different heavy flavour
quark production mechanisms to inclusive b-jet production
are shown in Fig. 1(a) for simulated proton-proton collisions
at 7 TeV. The fractions are calculated for anti-kt jets in a ra-

pidity range of |y| < 2.1 with the PYTHIA 6.423 [18] gen-
erator. Figure 1(b) shows the decomposition of the gluon
splitting process into initial- and final-state gluon splitting,
the latter leading to jets with one or two b-hadrons.

The above classification is not strict but can be used as a
basis for gaining a qualitative understanding of the features
of heavy flavour quark production. Pair creation of heavy
flavour quarks gives an insight into perturbative QCD with
massive quarks. The back-to-back requirement used in the
analysis reduces the contribution of NLOQCD effects to the
jet-pair cross-sections with two heavy flavour jets, BB and
CC. The heavy flavour quark excitation process, on the other
hand, is sensitive to the heavy flavour components of the par-
ton distribution functions of the proton. It produces mainly
flavour asymmetric BU andCU jet pairs. The gluon splitting
mechanism is sensitive to non-perturbative QCD dynamics
and also contributes significantly to the mixed flavour jet
pair states, i.e. BU and CU . However, this contribution is
different from heavy flavour quark excitation because it cre-
ates a heavy quark-antiquark pair. The jet reconstruction al-
gorithm either includes both heavy quarks in a single jet or
misses one of them, thus reducing the reconstructed jet en-
ergy and its fraction taken by the remaining quark. The two
possibilities result in different kinematic properties of the
reconstructed secondary vertices in these jets, which can be
exploited for the separation of gluon splitting from the heavy
flavour quark excitation contribution.

To compare the predictions of theoretical models with
data, the truth-particle jets defined in Section 4 are used in
the analysis. The truth-particle dijet system is defined as the

Di-jets:	s;ll	high-pT	beauty	RAA	similar	to	light-flavor	
Outlook	–	need	of	a	measurement:	low-pT	correla)ons	
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HFQ	in	medium	–	e-loss	and	different	
;mes	of	gluon	split	ó	sensi;vity	to	the	
e-loss	of	the	parent	gluon	(?)	
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Doga Gulhan - Report from CMS

Di-b-jet vs. inclusive flavour dijet

Flavor 
excitation

Flavor 
creation

Gluon 
splitting
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0-10% 

inclusive 
dijet

di-b-jet

Contamination from gluon splitting processes are suppressed 

Parallel  
C.C. Peng(Sat)28

70% 9% 21%
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Di-b-jet vs. inclusive flavour dijet

Flavor 
excitation

Flavor 
creation

Gluon 
splitting

PbPb
0-10% 

inclusive 
dijet

di-b-jet

Contamination from gluon splitting processes are suppressed 

Parallel  
C.C. Peng(Sat)28

70% 9% 21%

CMS-PAS-HIN-16-005

New:	using	b	di-jet	
suppress	contribu)ons	
from	gluon	splikng	

Doga Gulhan - Report from CMS

Di-b-jet vs. inclusive flavour dijet

Flavor 
excitation

Flavor 
creation

Gluon 
splitting

Contamination from gluon splitting processes are suppressed 

Parallel  
C.C. Peng(Sat)29

No significant difference in the 
imbalance of dijets for heavy 
flavour and inclusive flavour

CMS-PAS-HIN-16-005

70% 9% 21%

New	direc)on(?):	combine	jet	
and	v2	of	low-z	HF	*inside*	jets	
-	Event	engineering	with	ε2?	
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Shared momentum fraction 

Quark Matter 2017 19 

Momentum fraction 
carried by the 

subleading branch 
 

Observable: 
Momentum balance 

between the two subjets 
as defined by grooming 

procedure 

Marta Verweij 

No flavor dependence 
Weak jet pT dependence 
In vacuum: Altarelli-Parisi splitting function 

JHEP 1405 (2014) 146 
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	Jet	shapes	&	substructure	
•  Intensive	development	for	inclusive	(light	flavor	jets)	

–  Poten;al	use	in	AA	collisions	for	flavor-discrimina;on	

•  HF:	Low	and	moderate	pT	jets	are	of	interest	
–  Explore	complete	fragmenta;on	kinema;cs	(low-	&	high-z	fragments)	&	ρ(r)	

•  Sub-jets:	tool(s)	to	study	splipng(s)	within	the	parton	shower		
–  access	to	selec;on	of	“early”	and	“late”	splipng?		
–  possibly	a	qualita;vely	new	area	for	HF	measurements	
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4 4 Analysis method and systematic uncertainties

within 3% with the generator level inclusive charged-particle distribution at any given pT.

4 Analysis method and systematic uncertainties

The differential jet shape, r(r), describes the radial distribution of transverse momentum inside
the jet cone:

r(r) =
1
dr

1
Njet

Â
jets

Â
tracks 2 [ra, rb)

ptrack
T

pjet
T

(1)

where the jet cone is divided into six annuli with radial width dr = 0.05, and each annulus has
an inner radius of ra = r � dr/2 and outer radius of rb = r + dr/2.

Here r =
p
(htrack � hjet)2 + (ftrack � fjet)2  0.3 is the reconstructed track’s radial distance

from the jet axis, defined by the coordinates hjet and fjet. The transverse momenta of the recon-
structed track and jet are denoted ptrack

T and pjet
T respectively. After applying tracking efficiency

corrections, the transverse momentum of all charged particles with pT > 1 GeV/c in each annu-
lus is summed to obtain the fraction of the total jet pT carried by these particles. The results are
averaged over the total number of selected jets, Njet.

In heavy-ion collisions, particles from the underlying event that happen to fall inside the jet
cone would modify its shape. To compensate, this contribution is subtracted following a pro-
cedure previously employed by CMS in the measurement of the jet fragmentation function [25].
To estimate the charged-particle background, a “background cone” is defined by reflecting the
original jet axis about h = 0, while preserving its f coordinate (“h-reflected” method). To avoid
overlap between the signal jet region and the background cone, jets with axes in the region
|hjet| < 0.3 are excluded from the analysis. Larger exclusion regions, up to |hjet| < 0.8 have also
been studied to investigate possible biases in this procedure due to large-angle correlations be-
tween the particles originating from different jets in the event. The size of the exclusion region
is not found to be a significant source of systematic uncertainty in the jet-shape measurement.

The charged particles that are found in the background cone are used to evaluate the back-
ground jet shape using Eq. 1, which is then subtracted from the reconstructed jet shape that
contains both signal and background particles. After background subtraction, the integral of
r(r) over the range 0  r  R is normalized to unity. The normalization factor accounts for
the average fraction of the total jet pT carried by charged particles with pT > 1 GeV/c. The
differential jet shapes reconstructed using all charged particles (labeled “Signal+Bkg”) and the
corresponding background distributions (labeled “Bkg”) are shown in Fig. 1 for the most pe-
ripheral (70–100%) and the most central (0–10%) collisions. The background is a small fraction
of the result ( 1%) in the centre of the jet but contributes a larger fraction further away from
the jet axis. In peripheral events, the fraction of background at large radii is only about 15%,
but it is significantly larger (⇡ 85%) in central events.

The background-subtraction technique is validated using MC simulations. Jets generated with
PYTHIA are embedded into heavy-ion underlying event of various centrality classes generated
with the HYDJET event generator. The results of the differential jet-shape measurements from
embedded events are then compared to those obtained from a PYTHIA jet sample at the gener-
ator level, using the same analysis procedure. The ratios of the background-subtracted shapes
measured from PYTHIA +HYDJET sample and those measured in the PYTHIA sample are shown
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Remarkable	agreement!	

Low-pT	 High-pT	

ALICE	Upgrade	projec;on	

z=phadron/pjet	

Goal:	fully	explore	momentum	
and	angular	structure	of	jets	
=>	Contrast	LF	with	HF	

New	from	LF-jet	studies:	Sub-jets	 a)	“Soo	drop”	algorithms	
-  Remove	large	angle	soo	radia;on	
-  Select	1st	branching	in	angular	ordering	(vacuum)	
b)	Re-cluster	&	select	leading	and	sub-leading	sub-jets	

zg =
min(pT,1, pT,2)

pT,1 + pT,2

�S12 =
pT,1 � pT,2

pjetT

Subjet	pair	type	(b)	

Su
bj
et
	p
ai
r	t
yp
e	
(a
)	

(a)	
(b)	

https://arxiv.org/abs/1710.07607	

Jet	shapes	

Opportunity?	
Zg	:	no	flavor	dependence	in	
vacuum;	weak	jet	pT	
dependence	(HF/LF)	



Present	=>	Future	
vn	 yields	 jets	 correla)ons	

charm	 v2>0;	=>	precision:	v3?	
(n>2);	baryon/meson;	
Event	engineering?	

RAA<1	~	light	flavor	
=>	New:	Ds;	c-
baryons	

First	measurement	
=>	extension	to	low	
pT;	jet	structure	
modifica;ons?	

D-hadron,	HFE,	HFM	
correla;ons;	HF	di-
jets;	photon-Q?	–	
not	all	accessible	

beauty	 as	above;		
v2b	smaller	than	v2c?	

RAA<1;	b	less	
suppressed	than	c	
=>	precision	in	pT	
dependence	

as	above	 as	above	

Comments	on	
e-loss	and		
gluon	splipng	
(LHC)	

soo	split	products	
thermalize?	=>	
contribu;on	only	to	
low-pT	vn?	

=>	precision	at	
low-momentum	

fragmenta;on	
details	=>	low/
moderate	z=pTh/pTQ	

desired	tool	to	
disentangle	
produc;on	
mechanism	

2nd of November 2017 Heavy-flavor Workshop, Berkeley
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Recurring	themes:	 	@LHC	low-pT,	precision;		
	 	 	 	@RHIC:	sta;s;cs	(new	instrumenta;on)	enable	measurements	



Instead	of	a	summary	–	what	to	look	forward	to	

•  Bemer	precision,	low-pT,	more	species	=>	total	charm	&	beauty	
•  Light	vs.	heavy-Q	e-loss	=>	quan;ta;ve	not	qualita;ve	ques;on	
•  Gluon	splipng	vs.	flavor	crea;on	=>	impact	on	discussion	of	in-

medium	energy	loss?	*what*	object	looses	energy?	
•  HF	fragmenta;on	from	high	to	low-z	for	medium	and	low-pT	jets	–	

kinema;c	range	where	significantly	different	
•  Microscopic	structure	of	the	medium?	Angular	decorela;on	of	

QQbar	pairs	ó	in-medium	Moliere	scamering?	
•  Precision	v2	&	v3	for	heavy-flavor	ó	bemer	sensi;vity	to	ini;al	

anisotropy?;	impact	on	transport	calcula;ons?	
•  Is	HF	flowing	in	small	systems?	(not	suppressed)	
•  HF/LF	ra;os	as	a	func;on	of	mul;plicity	ó	consistent	with	QGP	in	

AA?	Other	physics	at	play?	
•  Consistent	rela;on	of	LHC	and	RHIC	measurements?	
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It	seems	we	went	a	long	way	but	s%ll	some	way	to	go…	
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In	case	b-quark	not	
heavy-enough…	



An	appe;zer… Heavy-ion	perspec;ve		
on	FCC	but	also	high-lumi	LHC	

32	
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tt → bb + + 2 jets+ET

L.	Apolinário,	G.	Salam	(CERN),	C.	A.	Salgado	
(USC)	(IST),	G.	Milhano	(IST	and	CERN),	

“Time”	tomography	of	the	medium	with	boosted	
tops	(accessible	at	sLHC	but	also	some	at	high-
luminosity	LHC)	

✦ Reconstructed W Jet Mass: 

✦ “Antenna” model only:

Time Dependent Energy Loss
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Depending on the chosen pT, the antenna may still lose some energy.  
Knowing the energy loss, it is possible to build the density evolution profile of the medium!
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An	“antena”	scenario:	

hmp://www.int.washington.edu/talks/WorkShops/int_17_1b/People/Apolinario_L/Apolinario.pdf	

Jet Reconstruction
✦ Event with at least:

15

t
W

b

q

qbarν

μ

b

W
tbar

Missing energy 
requirement?

✦ 1 (isolated) muon, pT > 25 GeV, |η| < 2.5. 

✦ 2 b jets (assumed 70% efficiency each) 

✦ >= 2 non-b jets
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ADDITIONAL	SLIDES	
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RHIC	and	LHC	outlook	

Gunther Roland QCD Town MeetingJets at RHIC and LHC 14

Kinematic reach: Now and tomorrow(*)

“R
A
A
”

“x
+J
et
”

D mesons

Hadrons

B mesons
b Jets

RHIC today LHC today RHIC tomorrow LHC tomorrow

Dijets (pT,1)

γ+jets (pTγ)

Z0+jets (pTZ)

Double b-tag (pT,1)

New observables; smaller uncertainties; broader pT reach 
RHIC+LHC overlap

Jets

(*)Artist’s impression

Ensemble-based 
measurements  
and x+hadron 
correlations  

add low pT reach

Figure	by	G.	Roland	
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Small(er	than	PbPb)	systems	

•  Next	pPb	run	at	the	LHC	–	2026	(?)	
•  Small(er)	nuclei:	XeXe	(?)	
•  RHIC	–	no	plans	
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Comments	to	the	table	
what	we	know	now	&	what	will	be	the	experimental	progress…	

•  V2:	clear	separa;on	between	elas;c	and	inelas;c	e-loss?	
–  V3?	N>2	

•  Correla;ons:	HF-hadron;	HF-jet	in	reach;	QQbar	difficult			
•  Strong	suppression	

–  Hadrons,	electrons,	enhancement	of	charmed	baryons	in	pp?	
–  High-pT	jets	=>	low-pT	jets	in	the	future?	

•  Role	of	gluon	splipng	
–  pT	spectrum?	Time	of	the	splipng?	
– Measurements?	

•  Small	systems	->	charm	flows?	
– Muon-hadron	v2	

•  Reference	measurements	->	pp	
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