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•  An	effective	theory	for	jet	
propagation	in	matter		

•  In-medium		splitting	functions,	
DGLAP	evolution	

•  Jet	cross	sections	and	jet	shapes	
from	SCETG	

•  Massive	splitting	functions	and	
heavy	flavor	suppression	

•  New	jet	substructurte	
observables	/	soft	dropped	
distributions	

•  Conclusions		
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		D.	Pirol	et	al.	(2004)			C.	Bauer	et	al.	(2001)	§  Modes	in	SCET	

Soft	quarks	are	eliminated	through	
the	equations	of	motion	

§  Especially	suited	
for	jet	physics.	
Proofs	of	
factorization	and	
resummation	

Collinear	quarks,	antiquarks	

Collinear	gluons,	soft	gluons	

ξn , ξn
An , As

SCET	II	
§  Other	formulations,	e.g.	SCETI	and	ultrasoft	particles	

~	λ	



Aad	et	al.		(2010)	

¡  QCD	in	the	medium	remains	
a	multiscale		problem	

¡  Factorization,	with	modified	J	
(jet),	B	(beam),	S	(soft)	functions		

Ovanesyan	et	al.		(2011)	



	
	

G.	Ovanesyan	et	al.	
(2011)	

Effective	potential	

An	effective	theory	of	jet	propagation	in	matter	
-	couple	the	collinear	and	dense	QCD	sectors	
	

§  Feynman	rules	for	different	sources		
§  and	gauges	

G.	Ovanesyan	et	al.	(2011)	A.	Idilbi	et	al.	(2008)	

q = (�2,�2,�)Q

Glauber	gluon	

Forward	scattering,	t-channel	
gluon	exchanges	



G.	Altarelli	et	al.	(1977)	
¡  In	the	vacuum	we	have	the	DGPAL	splitting	

kernels	that	factorize	from	the	hard	scattering	
cross	section	and	are	process	independent	Y.	Dokshitzer	(1977)	

Gribov	et	al.	(1972)	

1. Incoming hadron   (gray bubbles)

➡ Parton distribution function

2. Hard part of the process 

➡ Matrix element calculation at LO, 
NLO, ... level

3. Radiation  (red graphs)

➡ Parton shower calculation

➡ Matching to the hard part

4. Underlying event   (blue graphs)

➡ Models based on multiple 
interaction

5. Hardonization  (green bubbles)

➡ Universal models 

The description of an event is a bit tricky...

H

¡  Splitting	functions	are	
related	to	beam	(B)	and	jet	(J)	
functions	in	SCET		



	
	

§  Derived	using	
SCETG	

§  Factorize	form	the	
hard	part	

§  Gauge-invariant	
§  Depend	on	the	

properties	of	the	
medium	

		G.	Ovanesyan	et	al.		(2012)	

N.B. x→1− x

§  Direct	sum	

� 

dN(tot.)
dxd2k⊥

=
dN(vac.)
dxd2k⊥

+
dN(med.)
dxd2k⊥

� 

A,...D,Ω1...Ω5 − functions(x,k⊥,q⊥ )
Example	why	traditional	energy	loss	interpretation	is		
not	possible	in	a	unified	parton	shower	picture		



The evolution equations are given by standard Altarelli-Parisi equations:
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The complete medium-induced splitting functions look like:

P
(1)

i

(z,Q) = P vac

i

(z) [1 + g
i

(x,Q,L, µ)] , (48)

where the individual terms with all the plus prescriptions and virtual pieces are summarized in
sections 2, 3. These evolution equations have to be solved with initial conditions for parton densities
for quarks, anti-quarks and gluons to equal �(1� z) at some infrared scale ⇠ fewGeV. The resulting
so-called PDF’s at the hard scattering scale Q = p

T

look like f
i/j

(z, p
T

), and have an intuitive
interpretation: probability of the parton i to be found in the parton j at the momentum transfer
scale Q = p

T

. For example f
g/q

(z, p
T

) is the solution for the gluon density from the evolution
equations with the initial conditions f
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) = 0, and so forth.
As a result of solving the A-P evolution equations we get the full LL series resummed by:
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where i = q, q̄, g. It is straightforward to check, that by plugging in the lowest order solutions of
the evolution equations, into the equations above, we reproduce Eq. (42), a nice sanity check. In
addition, the equation above when combined properly with the evolution equations contains all the
leading order logarithms resummed. This should be more relevant for the LHC phenomenology where
the energies are higher than RHIC.

TODO: Check if there are additional factors from reversing A-P equations and the
cross section formulas from initial state to the final state.

The soft gluon approximation

The coupled Altarelli-Parisi evolution equations Eq. (45)-Eq. (47) simplify tremendously for x ⌘
1� z ! 0. In this small x approximation the equations decouple and reduce to describe the e↵ect of
leading patrons that shower soft gluons.

To see this we present the small x approximation of medium-induced splitting functions:
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¡  Yield	LLA	or	
MLLA	(LL’)	

	

Z.	Kang	et	al.		(2014)	

In	the	medium:	effective	thermal	
masses,	finite	αs	
	

Implement	medium	–induced	
splittings	as	corrections	to	
vacuum	evolution	
	

Demonstrated	connection	to	E-
loss	

+ q  term
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I.	Vitev	et	al.	(2008)	

r	

R	

¡  Jet	cross	sections	reflect	
the	total	amount	of	energy	
retained	in	the	jet	cone	

Radiative	
E-loss	

Collisional	
E-loss	

•  Jet	shapes	reflect	the	
energy	density	inside	the	jet	
and	the	structure	of	the	
parton	shower	

	



Y.-T.	Chien	et	al.	(2015)	 ¡  The	jet	definition	allows	to	generalize	
the	concept	of	energy	loss	
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θ = R

x, k⊥

k⊥ = p+0 tan θ
2
x(1− x)

p+0

Fractional	energy	loss	outside	of	the	jet	beyond	the	soft	gluon	approximation		

R0	~	O(1)	contains		
the	full	shower	

CMS

sNN = 2.76 TeV
R = 0.3, » h » < 2
centrality 0-10%
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¡  One	can	evaluate	the	jet	energy	
functions	from	the	splitting	functions	

Measurement	operator	–	tells	us	
how	the	above	configurations	
contribute	energy	to	J	(jet	function)	

CMS

sNN ! 2.76 TeV
R ! 0.3, 0.3"! Η !"2

pT $ 100 GeV
centrality 0%10&
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¡  First	quantitative	pQCD/SCET	description	of	jet	shapes	in	HI	



¡  Inclusive	charged	hadron	
production	(and		also	π0)	at	
5.02	TeV	in	Pb+Pb		

	

Y.-T.	Chien	et	al.		(2015)	 Y.-T.	Chien	et	al.		(2015)	(different	paper)	

¡  Jet	production	in	Cu+Au	
collisions	at	200	GeV.	Also								
γ-jet	at	the	LHC	



F.	Ringer	et	al	.	(2016)	

¡  You	see	the	dead	cone	effects	

¡  You	also	see	that	it	depends	on	
the	process	–	it	not	simply	x2m2	
everywhere:			x2m2,	(1-x)2m2,	m2	

3	splitting	functions	(g	to	gg	is	the	same)	

The		process	is	not	written	Q	to	gQ	but	it	should	have	been	since		x	goes	to	1-x		

Dokshitzer	et	al	.	(2001)	
J Jν,b

p0

k

p
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p

k
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p

The	medium-induced	splitting	kernels	are	now	derived	(1st	order	in	opacity).	More	
complicated	than	the	vacuum	ones.	Have	been	numerically	evaluated	



F.	Ringer	et	al	.	(2016)	

•  Perform	and	NLO	
calculation	

•  A	very	large	
contribution	of	gluon	
FF	to	heavy	flavor		
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•  Traditional	energy	loss	approach	–	
charm,	bottom	quark	energy	loss	

•  Full	massive	splitting	function	
approach.	Expansion	of	DGLAP	to	first	
fixed	order.		Most	important	is	the	
gluon	contribution	and	“quenching”			
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•  We	stop	at	5	–	7	GeV.		It	is	still	important	to	investigate	collisional	energy	
loss,	heavy	flavor	diss0ciation,	for	low	pT		

•  Nonetheless	most	of	the	discrepancy	is		gone	in	radiative	(medium	induced	
splitting	calculations	alone)	at	intermediate	pT	and	above	

•  Concern	(or	shall	I	say	food	for	thought)	about	low	pT	D,B	meson	porduction						
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A.	Andronic	et	al	.	(2015)	



Y.	T	Chien	et	al	.		in	progress	

Jet	substructure	modifictaion	in	
HIC	well	established:	jet	shapes,	
jet	fragmentation	functions		
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1. Incoming hadron   (gray bubbles)

➡ Parton distribution function

2. Hard part of the process 

➡ Matrix element calculation at LO, 
NLO, ... level

3. Radiation  (red graphs)

➡ Parton shower calculation

➡ Matching to the hard part

4. Underlying event   (blue graphs)

➡ Models based on multiple 
interaction

5. Hardonization  (green bubbles)

➡ Universal models 

The description of an event is a bit tricky...

H

Is	substructure	modification	set	
by	late	time	soft	gluon	emission	?	

Or		is	it	manifest		in	the	hard	early	
time	splittings?		



Y.	T.	Chien	et	al	.	(2016)	

		Groomed	jet	distribution		using	“soft	drop”	

rg	=	ΔR12	

	The	great	utility	of	these	new	
distributions:	probe	the	early	
time	dynamics	/	splitting		

pT1	

pT2	

A.	Larkoski	et	al	.	(2014)	

zg	=	

Typical	situation:	E=200	GeV,	rg	=	0.1							
	

Branching	time		<	2	fm	for		zg	studied			

QGP	size	~	10fm	



Y.T	Chien	et	al	.	(2016)	

Calculating	the	soft	dropped	distribution	with	β=0		
sNN ! 5.02 TeV
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Y.-T.	Chien	et	al	.	(2016)	

Flexibility	in	selecting	angular	
separation	rg		

Found	that	inermediate	values	rg	=	
0.2	give	the	strongest	pT	
dependence.	Though	not	nearly	as	
strong	as	preliminary	data	
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¡  An	effective	theory	of	jet	propagation	in	matter	SCETG	was	constructed	
(collinear	sector).	All	medium-induced	parton	splittings	derived,	
factorization	and	gauge	invariance	proven	

¡  Unified	treatment	of	parton	showers,	corrections	to	DGLAP	evoliution.	The	
connection	to	the	traditional	energy	loss	established.	Excellent	agreement	
between	theory	and	data	for	inclusive	hadron	suppression,	predictions	for	
the	5.02	TeV	run	

	
¡  Calculations	of	jet	cross	sections	and	jet	shapes	(substructure)	are	now	

available	beyond	the	energy	loss	approach.	Comparable	description	of	
inclusive	jet	suppression	to	the	energy	loss	approach.	Much	improved	
description	of	jet	shape	modification		

¡  Derived	all	massive	in-medium	splitting	kernels	beyond	energy	loss.	In	
phenomenology	–	need	for	improved	HF	production.	Large	gluon	
contribution	to	HF	corroborated	by		b-jet	,	jet	HH	and	even	inclusive	hadron	
production.	Much	improved	description	in	intermediate	pT		

¡  First	application	to	some	of	the	new	substructure	observables	–	groomed	
soft	dropped	distribution.	The	hardest	early	time	splitting	is	significantly	
modified	suggesting	the	parton	shower	modification	happens	early	on.	New	
observables	are	proposed	to	test	the	angular	structure	of	such	branchings	

	
		

	



2017	
Jets	and	heavy	
flavor	workshop	

¡  Second	in	a	series	of	
workshops	to	bring	the	NP	
and	HEP	communities	
working	on	jets	and	heavy	
flavor,	with	emphasis	on	
QCD	and	SCET	
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Felix Ringer 
Ivan Vitev (Chair) 

 
  

Sponsors:  
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DOE Early Career Program 

 Los Alamos National Laboratory 

 

 

Contact: sfjet17@lanl.gov 
 

February 13-15, 2017 
 



Felix	Ringer	et	al	.	(2016)	

The	massive		in-medium	splitting	
functions	differ	considerably	from	
the	massless	ones	

The	differences	persist	even	for	
large	energies	(E=100	GeV)		



E	

§  In	the	description	of	high	
energy	processed	
significant	effort	has	been	
devoted	to	understand	the	
logs,	legs	and	loops	

§  The	are	connected,	one	of	the	goals		is	to	see	if	some	of	the	
technology	can	be	ported	to	heavy	ion	collisions		

Initial-state	radiation	

Final-state	parton	shower	

•  Log		-	ratios	of	mass	and	energy	scales,	
	phase	space,	cuts.	Goal	is	to	resum	
•  Legs	–	the	formation	of	parton	shower,		
branchings,	evolution		
•  Loops	–	virtual	corrections.	Goal	is	to		
include,	find	automated	way	to	do	some	
of	the	loops					



F.	Ringer	et	al	.	(2016)	

¡  Full	massive	in-
medium	
splitting	
functions		now	
available	

¡  Can	be	
evaluated	
numerically	

Kinematic	variables	


