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sPHENIX	work	on	MicroMegas	during	4	months	in	Saclay…	

Department	of	Energy	CD-1	and	CD-3A	approval!	
	

Hopefully	an	exciOng	sPHENIX	seminar	in	4-5	years		
with	new	physics!	
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Standard	Model	of	Heavy	Ion	Collisions	

Nagle	and	Zajc,	Annual	Review,	hTps://arxiv.org/abs/1801.03477	
Snellings	and	Heinz,	Annual	Review,	hTps://arxiv.org/abs/1301.2826	

At	RHIC	and	LHC,	energy	deposit	over	system	R	>>	λmfp,	
hydrodynamic	evoluOon	of	quark-gluon	plasma		

followed	by	hadronizaOon	and	scaTering	

Standard	Model	tested	in	great	detail	and	with	precision	
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4	

IniOal	State	–	nPDF,	saturaOon	physics,	color	domains	

QGP	State	–	hydrodynamics,	parton	scaTering	

Hadron	State	–	hadronizaOon,	hadron	scaTering	

Free	Streaming	State	–	measured	by	experiment	
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Mini	Quark-Gluon	Plasma?	
In	2010,	hints	of	similar	phenomena	in	super		
high-mulOplicity	p+p	collisions	(1/100,000)	

	

Nagle	and	Zajc,	Annual	Review,	hTps://arxiv.org/abs/1801.03477	

Long	ago	Bjorken	postulated	QGP	formaOon	in	p+pbar	via	the	
creaOon	of	a	modified	vacuum	state	and	was	not	concerned	about	

the	small	number	of	final	state	hadrons	

CMS	
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AlternaOve	Menu	of	OpOons	

Non-Flow	 IniOal-State	
QuasiparOcle	ScaTering	

QGP	Hydrodynamics	

M.	Strickland	hTps://arxiv.org/abs/1807.07191	

Cartoon	does	not	make	physics.				What	is	the	x-axis	really?	
				

Consider	different	geometries,	system	size,	different	energies,	etc.		
		

Also,	each	needs	to	mimic	all	the	signals	



7	

“One	fluid	to	rule	them	all”	

Weller	and	Romatschke,	hTps://arxiv.org/abs/1701.07145	
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Code	is	all	publicly	available	and	documented.			
MulOple	groups	cross	checking	and	producing	consistent	
results	(for	example	iEBE-VISHNU).	
	
What	are	the	systemaOc	uncertainOes,	open	items?			
-  MC	Glauber	+	ConsOtuent	Quarks	needed	for	p+p	and	

includes	some	Gaussian	σ	value	for	local	“gluon	cloud”	
-  Bulk	viscosity	important	to	temper	large	radial	

expansion	in	p+p,	but	not	as	criOcal	in	A+A	
-  Pre-equilibrium	(superSONIC)	or	not	(SONIC)	
-  Unknown	η/s(T)	value.																																								

superSONIC	results	with	η/s	=	1/4π	for	all	systems.	
-  Hadronic	cascade	model	(B3D	in	superSONIC)	
-  Important	quesOons	about	hydro	far	from	equilibrium	

which	is	an	enOre	other	talk	(!)	
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RHIC	Geometry	Scan	
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Cornucopia	of	d+Au	Data	

v2{2},	{4},	{6}	PID	Spectra	 v2(pT)	PID		 v2(η)		

d+Au	beam	energy	scan	à	200	GeV,	62.4,	GeV,	39	GeV,	19.6	GeV	à	
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d+Au	
SomeOmes	the	neutron		

misses	

Deuteron	wavefuncOon	is	well	known	and	
the	geometry	validated	by	experiment	

hTp://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.034902	
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Experimental	Data	

PHENIX,	hTps://arxiv.org/abs/1805.02973	

Follows	ordering	of	eccentriciOes	

However,	mulOplicity	also	plays	a	role	
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Midrapidity	Values	
		

dNch/dη	~	12									p+Au	0-5%	
dNch/dη ~	18									d+Au	0-5%	
dNch/dη	~	22					3He+Au	0-5%	

ParOcle	MulOpliciOes	

Hydrodynamic	calculaOons	include	the	iniOal	geometry	differences	
and	match	the	parOcle	mulOplicity	for	each	system	

hTps://arxiv.org/abs/1807.11928	
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Hydrodynamic	Comparison	

Good	agreement	with	v2,	v3	(pT)	for	all	three	systems	
		

SONIC	is	a	published	predicOon	
		

No	tuning	of	parameters	or	opOons	for	different	systems	
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Parton	Transport	ExplanaOon	

AMPT	Escape	Mechanism	paper	finds	very	few	scaTerings	
He	et	al.,	hTps://arxiv.org/abs/1601.00878	
	
Recent	analyOc	approach	generates	significant	v2	with	single	scaTer		
	
Kurkela,	Wiedemann,	Wu		
arXiv:1805.04081	
arXiv:	1803.02072		

In	limit	of	many	scaTers	per	parton	(>	4-5),			
this	might	be	a	dual	picture	to	hydrodynamics	
		

However,	if	most	partons	have	zero	scaTers	
and	others	have	just	one,	that	seems	different	



Small	system	studies	with	AMPT	(publicly	available	code)	
		

Nagle	et	al.,	arXiv:1707.02307,		Orjuela	Koop	et	al.,	arXiv:1512.06949,		arXiv:1501.06880	
Bozek,	Bzdak,	Ma,		arXiv:1503.03655	

AMPT	v2.25t5	relaOve	to	true	geometry	defined	by	iniOal	nucleons	
string	melOng	mode,	σparton	=	0.75	mb	

		

Poor	quanOtaOve	agreement	with	data,		
but	rough	agreement	with	system	vn	ordering	
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AMPT	fully	modeling	the	Event	Plane	method	in	PHENIX	
		

BeTer	agreement	in	3He+Au,	but	much	worse	in	p+Au	(non-flow),	
insufficient	staOsOcs	for	v3	in	the	smaller	systems	(working	on	it)	

Apples-to-Apples	Comparison	
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Thoughts	on	AMPT	and	parton	transport	calculaOons:	
	
QuasiparOcle	picture	only	useful	if	one	can	correctly	idenOfy	
quasiparOcles	and	their	properOes	(think	Condensed	MaTer	Physics)	
	
				à	which	in	AMPT	are	nearly	massless	<	20	MeV	quarks,	no	gluons	
	
Also,	one	then	needs	to	describe	the	“cornucopia”	of	other	
observables.					For	example,	AMPT	achieves	the	v2	PID	dependence	
roughly	via	hadron	rescaTering.	
	
Very	important	for	the	field	to	have	mulOple	tools	(beyond	AMPT)	to	
assess	how	this	picture	works…	
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IniOal	State	ExplanaOons	
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DefiniOvely	rule	out	scenario	where	iniOal	state	
correlaOons	dominate	via	resolved	domains	of	size	1/Qs	

Exactly	the	opposite	of	what	is	observed	in	data	!	

20	

More	domains	that	are		
not	aligned,		

correlaOon	effect	is	washed	out.	
	

Nice	separaOon	of	scales	
Deuteron	size	>>	Domain	Size	

	



Mace	et	al.	[MSTV],	hTps://arxiv.org/abs/1805.09342	

15	days	a{er	the	PHENIX	paper	was	posted,	postdicOons	appeared	

Remarkable	results	are	counterintuiOve	
			

Code	is	not	publicly	available,	many	details	missing	so		
not	possible	to	reproduce	results	yet	

			

There	are	a	number	of	steps	—	all	of	which	are	“essenOal”	



EssenOal	physics	
Think	of	a	gluon	from	the	target	and	its	interacOon	with	domains	in	
the	projecOle…	
	
	
	
	
	
	
	
	
	
	
	
	
If	the	kT	<	Qs	(proj)	then	the	target	cannot	resolve	individual	domains	
and	interacts	with	many	of	them	“coherently”	or	“simultaneously”	

Proton	color	domains	
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Incoming	target	gluon	with	kT	
uncertainty	principle	blurs	the	gluon	with	radius		
		

r	[fm]	=	hbar/kT	=	0.2	/	kT[GeV]	
		

If	kT	=	1	GeV,	r	=	0.2	fm		

ProjecOle	(proton)	radius	~	0.9	fm	
		

If	Qs	=	2	GeV,	rdomain	=	0.1	fm.	
Of	course	this	is	an	absurdly	large	
Qs

2	=	4	GeV2	for	the	proton	x>0.01	
		

				Then	target	gluon	sees		
					(Qs/kT)2	~	4	domains	at	once.				
	

Target	gluon	wave		

Proton	

Domains		
Size	~	1/Qs	
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In	the	overlap	region,						
one	sees	more	“smaller”	
domains	with	larger	color	

fields	since	larger	Qs.	
	

Probability	of	two	gluons	
hi}ng	the	overlap	region	is	

very	small.	
	

However,	lots	of	cases	
where	two	target	gluons	

see	completely	
uncorrelated	regions!	

d+Au	case	

Proton	

Neutron	
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v2	(d+Au)	>	v2(p+Au)	for	pT	<	2.5	GeV	
MSTV:			Qs	(deut)	>	Qs	(prot)	since	Nch	(0-5%	d+Au)	>	Nch	(0-5%	p+Au)	

and	v2	scales	with	Qs(proj)	
		

kT	<	Qs	(proj)		à	does	that	mean	Qs(proj)	=	1.5-2.5	GeV?	
Need	exact	definiOons	and	numbers	for	kT	distribuOons	

Domains	just	starOng	
to	be	resolved	à	ß	Domains	not	resolved	

Mace	et	al.	[MSTV],	hTps://arxiv.org/abs/1805.09342	
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IP-Jazma	

J.N.	and	W.A.	Zajc	
hTps://arxiv.org/abs/1808.01276	
	
Open	source	code:	
	
hTp://www.phenix.bnl.gov/WWW/publish/nagle/IPJAZMA	
	
Just	like	jazz	music,	some	people		will	not	appreciate	it.	
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IP-Jazma	Details	
1.			MC	Glauber	to	obtain	nucleon	x,y	posiOons	in	each	event	

2.  Use	IP-Sat	(impact	parameter	saturaOon	model)	to	calculate	the	
Qs

2	distribuOon	on	an	x,y	la}ce	

Note	that	this	is	just	a	uniform	Gaussian	with	σ	=	0.32	fm	at	RHIC	
		

Qs
2	is	proporOonal	to	g4µ2	,	where	µ2	is	the	number	density	of	color	

charge	per	unit	transverse	area				
Qs	is	proporOonal	to	g2µ	and	is	Gaussian	with σ =	0.45	fm	
		

MSTV	(private	comm.)	says	that	“our	choice	of	BG”	corresponds	to							
slightly	larger	σ	=	0.56	fm,	so	I	will	match	that	in	IP-Jazma	
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3.  MSTV	includes	nucleon-by-nucleon	fluctuaOons	in	Qs,0	
2	

	(the	amplitude	of	the	IP-Sat	Gaussian).				Thus,	each	nucleon	
	is	sOll	a	perfect	Gaussian,	just	different	amplitudes.			

	
	 	Implemented	with	variance	0.5	on	log(Qs

2)	–	i.e.	high	side	
tail.	

•  Non-perturbaOve	on	
many	scales	

	
•  Not	part	of	the	standard	
CGC	framework	

•  QuesOons	regarding	the	
constraints	on	the	
funcOonal	form	
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Originally	proposed	by	McLerran	(arXiv:1508.03292v2)		to	explain	
high	mulOplicity	tail	of	LHC	p+p	Nch	distribuOons.				

	
Qs,0

2	fluctuates	to	5-6	Omes	average	value	to		
explain	the	high	Nch	tail.	

*	It	is	a	mistake	to	assume	such	matching	confirms	dynamical	fluctuaOons,	instead	of	from	
hadronizaOon	effects,	finite	rapidity	window,	experiment	acceptance,	etc.	
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Sum	all	the	Qs
2	contribuOons	for	each	nucleus.	

Example	-	nucleons	from	deuteron	as	perfect	Gaussians	from	IP-Sat	
just	with	different	amplitudes	from	Qs,0	

2	fluctuaOons.	
	

At	this	point,	none	of	these	fluctuaOons	are	ab	ini4o.				
All	MC	Glauber	and	put-in-by-hand	Qs,0	

2	fluctuaOons.	

deuteron		 gold	+	

IP-Jazma	



31	

In	the	MSTV	paper,	they	uOlize	the	dilute-dense	framework	
(hep-ph/0402256,	hep-ph/0402257,	arXiv:0711.3039)	
	
The	dilute-dense	limit	implies	that	Qs(proj)	<	kT	<	Qs(targ)	and	one	
obtains	on	average:		
	
Ngluon	∝			g2	Qs

2(proj)	x	F(	Qs(targ)/	m	)			(dilute-dense	limit)	
	
where	m	is	the	infrared	cutoff	(=	0.3	GeV	in	MSTV).	
	
	
What	jusOfies	some	small	system	papers	(many)	using	the	dense-
dense	limit	and	others	(many)	using	the	dilute-dense	limit?	
	
Also	coherence	condiOon	kT	<	Qs(proj)	seems	in	conflict	with	both!	
	

Dilute-Dense	Framework	
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IP-Jazma	Dilute-Dense	
	
	
Cyrille	Marquet	(thanks)	sent	me	this	funcOon	F.	
		

In	the	limit	of	large	Qs(targ)/m,	it	scales	as	log(Qs(targ)/m).	
	

Once	you	hit	a	thick	
enough	part	of	the	target,		
you	free	all	the	projecOle	
gluons	and	no	more.	

Ng	∝		g2	Qs
2(proj)	x	F(	Qs(targ)/m)	)								(dilute-dense	limit)		
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IP-Jazma	Results	

Right	panel	shows	the	density	distribuOon	for	this	event	in	the	
dilute-dense	limit.	

	
There	are	no	sharp	spikes	in	the	energy	density	as	o{en	

highlighted	with	IP-Glasma	because	there	are	no	la}ce	site	color	
fluctuaOons	–	though	these	are	in	part	arOfacts	in	IP-Glasma.	
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Aside	on	Spiky	IP-Glasma	
Success	of	IP-Glasma	Au+Au		

iniOal	condiOons	o{en	highlighted	by	
these	very	spikey	displays	

	
However,	IP-Jazma	(dense-dense)	

matches	eccentriciOes	ε2-ε6	

Totally	dominated	by	
TA	x	TB	scaling,		

not	color		
fluctuaOon	spikes.	

ε2	 ε3	 ε4	

ε5	 ε6	

Au+Au	



35	

p+Au	@	200	GeV	
Se}ngs:			Dilute-Dense,	no	Qs,0	

2	fluctuaOons,		
	 	 		no	running	αs,	rmax	=	3.0	σ [leave these last two the same]


DistribuOon	of	number	of	
gluons	(Ng/<Ng>)	

	
Once	the	proton	is	hi}ng	
the	mid-region	of	the	target	

the	gluon	producOon		
reaches	a	limit	

i.e.	one	has	freed	all	the	
gluons	from	the	projecOle	

proton	
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In	the	Monte	Carlo,	keep	track	of	the	Qs,0	
2	thrown	for	each	projecOle	nucleon.		

						

As	expected,	there	is	an	almost	linear	increase	in	gluon	number	with	Qs,0	
2	in	the	

projecOle	once	one	is	hi}ng	a	thick	enough	part	of	the	nucleus.	
For	0-5%	high-mulOplicity,	the	value	is	2.2	Omes	higher	than	average.	

p+Au	@	200	GeV	
Se}ngs:			Dilute-Dense,	yes	Qs,0	

2	fluctuaOons	
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Some	collisions	where	only	proton	(or	neutron)	hits,		
some	collisions	where	both	hit	the	target)	

		

One	reaches	the	limit	of	freeing		gluons	from	the	projecOle,		
proton	and	neutron	in	the	deuteron.	

d+Au	@	200	GeV	
Se}ngs:			Dilute-Dense,	no	Qs,0	

2	fluctuaOons	
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EssenOally	perfect	agreement	
IP-Jazma	and	MSTV.	

			
Common	with	MSTV	we	have	

MCGlauber	fluctuaOons,		
IP-Sat	Qs,0	

2	fluctuaOons.					
	

The	addiOonal	color	
fluctuaOons	in	MSTV	do	not	

appear	to	be	evident	
	

Reasonable	agreement	with	
STAR	up	to	0.5%.			

Blue	line	at	5%	central.	

d+Au	@	200	GeV	
Se}ngs:			Dilute-Dense,	yes	Qs,0	

2	fluctuaOons	
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As	expected	there	is	a	correlaOon	of	higher	mulOplicity	events	

with	larger	Qs,0	
2	fluctuaOons.			

Smaller	than	in	p+Au	because	the	deuteron	nucleons		
fluctuate	separately.	

d+Au	@	200	GeV	
Se}ngs:			Dilute-Dense,	yes	Qs,0	

2	fluctuaOons	
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Define	an	“overlap	area”	and	then	calculate	<Qs
2>	within	that	area	

	
For	0-5%	selecOon	in	IP-Jazma,	here	are	the	results…	

																										p+Au									d+Au	
Area	[fm2]								2.81											4.52	
	
<Qs

2>	[GeV2]				0.56										0.53	

d+Au	has	larger	area,	but	the	
saturaOon	scale	is	the	same	
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In	the	dilute-dense	framework,	mulOplicity	scales	with	Qs
2	projecOle.				

Thus	for	0-5%	centraliOes,	Qs
2	(deuteron)	>	Qs

2	(proton).		[MSTV]	
		

We	find	this	MSTV	statement	is	not	reproduced.	
The	area	is	larger,	not	the	satura:on	scale!	

	

The	MSTV	statement	is	essenOal	since	v2	is	directly	related	to	Qs	and	
this	is	what	they	say	gives	them	v2(dAu)	>	v2(pAu)	
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MSTV	scaling	of	Nch	with	Qs
2(proj)	leads	them	to	predict	

“that	v2,3(pT)	for	high	mulOplicity	events	across		
small	systems	should	be	iden4cal	for	the	same	Nch.”		

Turns	out	this	predicOon	is	actually	yet	another	postdicOon	
ExisOng	PHENIX	measurement	already	rules	this	out!	

Hydrodynamics	
matches		

the	spli}ng	
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Summary	(So	Far)	

ExciOng	Omes	for	studying	small	system	collecOvity	
	

Experimental	geometry	scan	at	RHIC	complete	
	

Best	agreement	via	hydrodynamics	with	QGP	stage	
	

All	theory	approaches	deserve	full	scruOny	
	

IP-Jazma	new,	open	source	tool	for	idenOfying	the	dominant	source	
of	fluctuaOons	in	the	saturaOon	physics	framework	

	
Further	work	to	resolve	differences	in	explanaOons	with	MSTV	result	
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Episode	V	–	IP-Jazma	strikes	back	
	
MSTV	do	all	calculaOons	in	
momentum	space,	and	so	first	
Fourier	Transform	geometry	
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Extras	
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In	previous	IP-Glasma	papers	(e.g.	arXiv:1311.3636)	they	point	out	
the	huge	difference	between	gluons	and	hadrons.	

Why	is	this	effect	ignored	in	the	MSTV	paper?				
	
It	would	be	good	to	compare	the	MSTV	gluon	pT	distribuOon	with	
the	published	hadron	pT	distribuOon.				
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IP-Jazma	calculaOon	for	Au+Au	b=9	fm	events	
in	dense-dense	limit,	no	Qs,0

2
	fluctuaOon,.	

	
Note	the	gluon	distribuOon	is	not	Gaussian	(red	

line)		and	has	a	high	side	skew	(Γ	dist.).	
Nothing	to	do	with	Glasma	flux	tubes.		

hTps://arxiv.org/abs/1202.6646v2	

Let	the	Buyer	Beware	

IP-Glasma	

IP-Jazma	
dET/dy	(a.u.)	
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Trento	Comment…		arXiv:1412.4708v2	

Trento	p=0	is	similar	to	Ncoll	scaling	(with	extra	sqrt)	with	an	impact	parameter	
dependence	for	N-N	collisions.		Thus,	with	the	right	parameters,	quite	

comparable	to	IP-Glasma,	IP-Jazma	(dense-dense)	
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STAR	Preliminary	results	shown	at	QM	2018	

hTps://indico.cern.ch/event/656452/contribuOons/2869833/aTachments/1649479/2637419/QM18-smallsystem-shengli-10.pdf	

Due	to	a	small	Δη	gap,	they	have	a	
huge	non-flow	contribuOon		

(even	at	low	pT).	
	

That	is	why	they	are	so	sensiOve	to	the	
non-flow	subtracOon.				

	
PHENIX	results	checked	with	Δη	gap	of	
3	units	and	in	systemaOc	uncertainOes.	
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Romatschke	&	Romatschke	(hTps://arxiv.org/abs/1712.05815)	

At	RHIC	energies,	resulOng	
Gaussian	in	Qs

2	has	σ	=	0.32	fm.				
Note	that	this	corresponds	to	a	
Gaussian	in	Qs	with	σ	=	0.45	fm.	

	
Of	course	this	depends	on	your	
choice	of	BG,	translaOng	into	R	in	

the	equaOon	below.	

In	dense-dense	limit,	just	sum	Qs
2	values	for	each	nucleus.	

Then	energy	density	proporOonal	to	TA1A2	scaling	
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Dilute-Dense?	
How	valid	is	the	dilute-dense	limit	when	we	effecOvely		

select	on	events	that	are		
larger	fluctuaOons	in	the	projecOle	saturaOon	scale?				

d+Au	0-5%	high	mult.	events	
	

RaOo	Qs
2	(proj)	/	Qs

2(targ)		
weighted	by	the	gluon	contribuOon	
in	that	la}ce	cell	(dilute-dense)	

Qs
2(proj)/	Qs

2(targ)	

1.0	0.5	

Naively	might	have	thought	raOo	~	1	/	A1/3	~	0.2,	but	here	we	are	selecOng	out	
fluctuaOons	and	cells	with	highest	Qs

2	(projecOle).		

0.2	
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We	also	obtain	a	reasonable	(slightly	worse)	descripOon	of	the	data.	
Modest	adjustment	of	IP-Sat	σ	would	allow	beTer	tuning.				

			

N.B.	No	correlaOon	between	Qs,0
2	projecOle	and	gluon	mulOplicity.		

d+Au	@	200	GeV	
Se}ngs:			Dense-Dense,	no	Qs,0	

2	fluctuaOons	
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d+Au	case	

Proton	

Neutron	

If	the	target	gluon	was	

HUGE,		
then	all	target	gluons	
would	“see”	the	same	
domains	(all	of	them)		

and	
v2(dAu)	~	v2(pAu)	

modulo	the	small	overlap	
	

But	sOll	need		
v2(dAu)	>	v2(pAu)	

See	later…	
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Reminder:			The	Deuteron	is	Big!	

Proton-Neutron	SeparaOon	
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IntegraOng	over	La}ce	FluctuaOons	
Romatschke	&	Romatschke	(arXiv:1712.05815)	found	that	
integraOng	over	these	color	fluctuaOons	in	IP-Glasma	(some	
are	la}ce	arOfacts	anyway)	one	obtains	the	energy	density:	
	
ε		∝	g2	Qs

2(proj)	x	Qs
2(targ)											(dense-dense	limit)	

	
IP-Jazma	is	thus	averaging	over	these	la}ce	site	fluctuaOons,	
and	then	assumes	Ngluon	proporOonal	to	energy	density.	
	
	
N.B.		IP-Glasma	always	in	the	dense-dense	limit,		
including	to	obtain	iniOal	condiOons	for		
p+Au,	d+Au,	3He+Au,	p+Pb		(e.g.	arXiv:1407.7557v1).			
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Many	have	stated	that	these	color	
domains	effects	are	calculated		

	ab	ini4o	
	

However,	saturaOon	physics	in	the	
proton	at	x	>	0.01	challenges	the	
whole	picture	of	the	formalism	

	
One	esOmate	has		

Qs,0
2	(gluon)	=	0.67	GeV2	for	x	=	0.01	

at	the	very	center	of	the	proton,		
and	averaged	over		

r	=	0.67	fm	the	value	would	be		
Qs

2	(gluon)		=	0.28	GeV2				

Ab	ini4o		or		non	per4net	


