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Exploring the sea 
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Light Antiquark Flavor Asymmetry:  Brief History 

§ Naïve	Assump1on:	

21	June	2016	
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§  NMC	(Go_ried	Sum	Rule)	
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21	June	2016	

Paul	E	Reimer,			

Light Antiquark Flavor Asymmetry:  Brief History 
§ Naïve	Assump1on:	

§  NA51	(Drell-Yan)	

§  E866/NuSea	(Drell-Yan)	

§  NMC	(Go_ried	Sum	Rule)	

§ Knowledge	of	sea	dist.	are	data	driven	
–  Sea	quark	distribu1ons	are	difficult	for	Lafce	QCD	

§ Non	perturba1ve	QCD	models	can	explain	
excess	d-bar	quarks,	but	not	return	to	
symmetry	or	deficit	of	d-bar	quarks	
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The proton’s spin 

How	do	the	quarks’	and	gluons’	spin	and	angular	momentum	
add	to	form	a	spin-½	proton?	
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The Drell-Yan reaction in leading order   
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Start	with	point	cross	sec1on	for	
two	annihila1ng	Fermions	(See	
Halzen	and	Mar1n	or	Perkins)	

Calculate	the	probability	of	finding	
two	quarks	with	momentum	in	the	
range	[xt,	xt+dxt]	and	[xb,	xb+dxb]	

9	November	2017	
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§  Cross	sec1on	is	a	convolu1on	of	beam	and	
target	parton	distribu1ons	

	

§  u-quark	dominance	
(2/3)2	vs.	(1/3)2	

	

Measuring the sea: Drell-Yan 

q+	

q-	 l+	

γ*	 l-	

d2⇤

dxbdxt
=

4⇥�2

xbxts

X

q�{u,d,s,... }

e2q [q̄t (xt)qb (xb) + q̄b (xb)qt (xt)]

Acceptance	limited		
(Fixed	Target,	Hadron	Beam)	

Beam	 Sensi,vity	 Experiment	

Hadron	 Beam	quarks	
target	an1quarks	

Fermilab,	J-PARC	
RHIC	(forward	acpt.)	

An1-Hadron	 Beam	an1quarks	
Target	quarks	

J-PARC,	GSI-FAIR	
Fermilab	Collider	

Meson	 Beam	an1quarks	
Target	quarks	

COMPASS,	J-PARC	

xtarget xbeam 
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§  Cross	sec1on	is	a	convolu1on	of	beam	and	
target	parton	distribu1ons	

	

§  u-quark	dominance	
(2/3)2	vs.	(1/3)2	

	

Drell-Yan Cross Section 

q+	

q-	 l+	

γ*	 l-	

d2⇤

dxbdxt
=

4⇥�2

xbxts

X

q�{u,d,s,... }

e2q [q̄t (xt)qb (xb) + q̄b (xb)qt (xt)]

Acceptance	limited		
(Fixed	Target,	Hadron	Beam)	

xtarget xbeam 

�pd

2�pp
=

1

2


1 +

d̄(x)

ū(x)

�
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Drell-Yan 

§  Calcula1ng	the	cross	sec1on	with	

	
	
– Predicts	the	correct	mass	and	x	dependence,	but	
– Yields	only	half	the	measured	cross	sec1on.	

§ First	solu1on:		Introduce	a	“fudge	factor”	called	
the	K	factor		K	=	2	and	we	are	done	but	not	
sa1sfied.	

§ Real	solu1on:		Look	at	other	contribu1ons	
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Tevatron	800	GeV	

Main	Injector	120	
GeV	

9	November	2017	
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SeaQuest Spectrometer 
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§  En1re	beam	interacts	upstream	of	SeaQuest	Spectrometer	
§  Poin1ng	resolu1on	very	poor	along	beam	axis	

21	June	2016	
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Data From FY2014—target-dump separation 

ld2						None							Fe												C												W	

Off	page	
lh2				Empty	flask	

Beam	
Dump	

Beam	into	Page	
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Data From FY2014 
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SeaQuest	Data	
	
J/ψ	Monte	Carlo	
ψ’	Monte	Carlo	
Drell-Yan	Monte	Carlo	
Random	Background	
Combined	MC	and	bg	
	
0.05	×	1018	protons	
•  approximately	4%	
of	final	data	set	

•  10	×	more	data	
recorded	or	approx.	
0.5	×	1018		
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Data From FY2014 
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SeaQuest	Data	
	
J/ψ	Monte	Carlo	
ψ’	Monte	Carlo	
Drell-Yan	Monte	Carlo	
Random	Background	
Combined	MC	and	bg	

§ Monte	Carlo	describe	data	well	
§  Resolu1on	be{er	than	expected	
–  σM(J/ψ )	~180	MeV			σM(D-Y )	~220	MeV	
–  Clever	postdocs	and	students	
–  J/ψ	ψ’	separa1on	
–  Lower	J/ψ mass	cut	(more	Drell-Yan	events)	

§  Target/Beam	Dump	
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Data From FY2014 
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SeaQuest	Data	
	
J/ψ	Monte	Carlo	
ψ’	Monte	Carlo	
Drell-Yan	Monte	Carlo	
Random	Background	
Combined	MC	and	bg	

§ Monte	Carlo	describe	data	well	
§  Resolu1on	be{er	than	expected	
–  σM(J/ψ )	~180	MeV			σM(D-Y )	~220	MeV	
–  Clever	postdocs	and	students	
–  J/ψ	ψ’	separa1on	
–  Lower	J/ψ mass	cut	(more	Drell-Yan	events)	

§  Target/Beam	Dump	separa1on	w/o	0o	muon	
cut	

	

§  Reconstruc1on	efficiency	
–  Improved	Beam	Duty	Factor—less	noise	
–  Op1mizing	tracker	cuts	

–  Previous	op1miza1on	valued	
processing	speed	
–  Spectrometer	Rate	Dependence	
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Dbar/ubar and the calm sea 

9	November	2017	

Paul	E	Reimer	ECT*	Workshop	on	Dimuon	Produc1on	

17	



SeaQuest Cross Section Ratio 

21	June	2016	

Paul	E	Reimer,			

18	

2
Bjorken x

0 0.1 0.2 0.3 0.4 0.5 0.6

pp
σ

 / 
2

pd
σ

0.6

0.8

1

1.2

1.4

1.6

SeaQuest
Systematic
E866 Preliminary

n  Low-x	overlap	region	consistency?	
n  There	is	a	kinema1c	difference	
between	SeaQuest	and	E866	
n  x1SQ	>	x1866	

3.5	x	1017	live	protons,	25%	of	final	data	set	



SeaQuest Cross Section Ratio 
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n  Low-x	overlap	region	consistency?	
n  There	is	a	kinema1c	difference	
between	SeaQuest	and	E866	
n  x1SQ	>	x1866	

n  LO	calcula1ons	s1ll	slightly	low	

3.5	x	1017	live	protons,	25%	of	final	data	set	



SeaQuest LO dbar/ubar extraction 

21	June	2016	
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n  Itera1vely	ask,	“What	ra1o	of	dbar/
ubar	is	needed	to	reproduce	the	
observed	cross	sec1on	ra1o.	

n  Caveats:	
n  Leading	order	only—so	far	
n  Correct	method	->	global	fit	
n  Large	xbeam	dbar/ubar	
n  .	.	.		

n  Low-x	overlap	region	consistency?	

3.5	x	1017	live	protons,	25%	of	final	data	set	



SeaQuest Cross Section Ratio 
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3.5	x	1017	live	protons,	25%	of	final	data	set	



SeaQuest E906 Status 
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Plot	based	on	first	3.5	x	1017	protons		

Acceptance	improvements	so	later	protons	
are	“worth”	more	
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Proton Structure:  By What Process Is the Sea Created? 
§  There	is	a	gluon	splifng	component	which	is	symmetric			

	

§  		
	

–  Symmetric	sea	via	pair	produc1on	from	gluons	subtracts	away	
– No	Gluon	contribu1on	at	1st	order	in	αs	
– Nonperturba1ve	models	are	mo1vated	by	the	observed	difference	

21	June	2016	
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q̄pQCD(x) = d̄pQCD(x)

= ūpQCD(x)
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§  Meson	Cloud	in	the	nucleon	Sullivan	process	in	DIS	
	
	
	
	
	

	
	

§  An,quarks	in	spin	0	object	→	No	net	spin	
§  But	perhaps	the	pion	cloud	has	orbital	angular	momentum	
§  In	its	simplest	form,	Clebsch-Gordon	Coefficients	and	πN,	πΛ	couplings	

Non-perturbative Models:  Pion Cloud 

|pi = |p0i+ ↵|N⇡i+ �|�⇡i+ �|⇤Ki+ . . .
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Proton Structure:  By What Process Is the Sea Created? 
§  Lafce	weighs	in!!	
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SeaQuest E906 Status 
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Meson	cloud	models	could	not	account	for	
trend	of	E866	data	for	dbar	<	ubar	at	high	x	
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Proton Structure:  By What Process Is the Sea Created? 
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Perturba1ve	sea	
apparently	

dilutes	meson	
cloud	effects	at	

large-x	

21	June	2016	



The rough sea 
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How	do	the	quarks’	and	gluons’	spin	and	angular	momentum	
add	to	form	a	spin-½	proton?	

§  The	proton	is	a	spin-½	par1cle	
§  The	quarks	are	spin-½	par1cles			
(this	was	also	established	in	the	parton	model.)	

§  The	gluons	are	spin-1	par1cles	
	
Should	be	able	to	sum	over	all	partons	with	appropriate	Clebsch-Gordon	coefficients	,	right??	
	
	
	
	

•  Lq	is	the	orbital	angular	momentum	of	the	quarks	
•  ΔG	is	the	integral	spin	and	orbital	angular	momentum	of	the	glue	

The proton’s spin 
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Different definitions of the components 
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There	are	two	primary	spin	
decomposi1ons	for	the	
proton	



Spin decomposition 
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Spin decomposition 
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Par1cle	Data	Group	
1.  It’s	all	in	the	quark	spin	(u	and	d).	

2.  It’s	in	the	strange	quarks	
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Spin decomposition 

1.  It’s	all	in	the	quark	spin	(u	and	d).	

2.  It’s	in	the	strange	quarks	

3.  It’s	in	the	glue	

	

–  PHENIX,	STAR	and	COMPASS	say	its	small	
–  Only	measured	in	small	range	of	x	
–  large	extrapola1ons	
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Spin decomposition 

1.  It’s	all	in	the	quark	spin	(u	and	d).	

2.  It’s	in	the	strange	quarks	

3.  It’s	in	the	glue	

	

4.  It’s	in	Orbital	Angular	Momentum???	
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Sivers function classical picture 
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Consider	a	nucleon	that	is	polarized	with	spin	out	of	the	page	
	A	struck	quark	on	one	side	will	be	pulled	back	into	the	nucleon	remnant,	
	 	whereas	a	struck	quark	on	the	other	side	will	have	the	opposite	effect.	
	 	(This	phenomena	is	called	“nuclear	lensing”.)	
	 	The	net	effect	is	an	asymmetry	in	the	sca{ering	plane	

Graphic:			
Markus	Diefenthaler	

Ph.D.	Thesis	
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Sivers function classical picture 
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Consider	a	nucleon	that	is	polarized	with	spin	out	of	the	page	
	A	struck	quark	on	one	side	will	be	pulled	back	into	the	nucleon	remnant,	
	 	whereas	a	struck	quark	on	the	other	side	will	have	the	opposite	effect.	
	 	(This	phenomena	is	called	“nuclear	lensing”.)	
	 	The	net	effect	is	an	asymmetry	in	the	sca{ering	plane	

	
	
	
	

	 	Now	imagine	that		
											the	quarks	are	not	
					orbi1ng	with	the	spin.		This	
	effect	would	vanish!	

A	non-zero	Sivers	func,on	implies	
orbital	angular	momentum!*		
*(Classically)	

Graphic:			
Markus	Diefenthaler	

Ph.D.	Thesis	
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SIDIS Sivers 
measurements 

HERMES,	Airape1an	et	al.	Phys.	Rev.	Le{.	103,	152002		
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Fits of Sivers asymmetries 
§ Data	fit	to	extract	
Sivers	distribu1ons	

§  Shown	at	lev	are	the	
1st	moments	

§  But	.	.	.	
While	it	can	be	shown	
rigorously	that	a	non-zero	
Sivers	func1on	implies	
orbital	angular	
momentum	
	
There	is	not	yet	a	rigorous	
method	to	quan1ta1vely	
extract	Lq	from	,	F1T⊥	
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Right panel: plots of the Sivers functions, Eq. (2.14) of the text, at x = 0.1 versus k?. The solid
lines correspond to the best fit. The dashed lines correspond to the positivity bound of the Sivers
functions. The shaded bands correspond to our estimate of 95% C.L. error.

It means that we assume the anti-quark Sivers functions to be proportional to the cor-
responding unpolarised PDFs; we have checked that a fit allowing for more complicated
structures of Eq. (2.14) for the anti-quarks, results in undefined values of the parameters ↵
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Sivers function and orbital angular momentum 
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results	at	Q2	=	4	GeV2:	Ju	≈	0.23,	Jq≠u	≈	0	

	
Bacche{a,	Radici,	PRL	107	(2011)	212001	

	
Can	OAM	be	decomposed	into	Valence	and	Sea?	
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Consider	a	nucleonic	pion	cloud	
	
	
	
	

	
	

Pion	Jp=0-	Nega1ve	Parity	
Need	L=1	to	get	proton’s	Jp=½+	

	

9	November	2017	

Paul	E	Reimer	ECT*	Workshop	on	Dimuon	Produc1on	

Pion Cloud and OAM 

π

N0	

π

Δ0p0	p	

|p>	=	|p0>	+	|Nπ>	+	|Δπ>	+	…	
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Leading order Single Spin Drell-Yan Cross Section 
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An
se
lm

in
o	

9	November	2017	

d�

d

4

q d⌦

=

↵

2

� q

2

⇢
(1 + cos

2

✓) F

1

U + (1� cos

2

✓) F

2

U + sin 2✓ cos � F

cos �
U + sin

2

✓ cos 2� F

cos 2�
U

+ SL

⇣
sin 2✓ sin � F

sin �
L + sin

2

✓ sin 2� F

sin 2�
L

⌘

+ ST

h⇣
F

sin �S

T + cos

2

✓

˜

F

sin �S

T

⌘
sin �S + sin 2✓

⇣
sin(� + �S) F

sin(�+�S)

T

+ sin(�� �S) F

sin(���S)

T

⌘

+ sin

2

✓

⇣
sin(2� + �S) F

sin(2�+�S)

T + sin(2�� �S) F

sin(2���S)

T

⌘i�

!"#$%&'()&'*&+%,-

./012(!3'*%(452((4676 !'&8(9:;<*"*&" =

>&'#,;(',-;(?'&8,(@>AB

.:%%*"-CD:3,'(?'&8,(@.DB

Sivers	
Boer-

Mulders	

42	



SeaQuest E1039 Status 
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Modified Air 
Ventilation Piping

Pump System 
Offset

Shield Top Access Stairs“Remodeling”	plans	for	
SeaQuest	target	cave	

43	



SeaQuest E1039 Status 
Scien1fic	&	Technical	Progress:	
§  Target	reached	92%	polariza1on	in	full	system	test	
in	December	2016	

§ Half	of	the	He	liquefier	system	built	and	delivered,	
second	half	will	be	ordered	late	this	year	

§  Beam	line	design	70%	finished;	now	looking	for	
reducing	costs.	

§  Currently	working	on	90%	design	of	the	whole	
installa1on	and	beam	line	

Scien1fic	&	Technical	Path	forward:	
§  System	cool	down	with	both	H2	and	D2	“target	
s1cks”	Dec	2017	

§ Move	target	to	Fermilab	Jan	2018	
§  System	cool	down	Feb	2018	at	Fermilab	
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•  μ-	wave:	2.2	W	+beam:	370mW	
•  Total	heat	load	2.6	W	
•  100	liter	liquid	He/day	
•  Requires	15,000	m3/hr		pumping	capacity	

Cooling & pumping system 

Paul	E	Reimer	ECT*	Workshop	on	Dimuon	Produc1on	
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SeaQuest E1039 Status 
Financial	Status:	
§  Los	Alamos	LDRD	has	paid	for	much	of	the	target	work	so	far	
§  Los	Alamos	“unearned	fee”	has	purchased	½	of	He	liquefier	

§ Both	Fermilab	(DOE	High	Energy	Physics)	and	DOE	Nuclear	
Physics	are	interested,	but.	.	.	
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§ DOE	Nuclear	Physics	has	commi{ed	to	provide	$2M	
– Requested	a	2	phase	approach	
1.  Phase	1	90%	complete	engineering	and		installa1on	design	of	experiment	and	beam	

line	
•  Ensure	that	installa1on	can	take	place	within	the	budget.	
•  Completed	by	March/April	2018	

2.  Phase	2	installa1on	
•  Completed	by	end-of-summer	2018	
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SeaQuest’s Future:  E1039 
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§ Sta1s1cs	precision	shown	for	two	
calendar	years	of	running	:		
–  Integrated	Protons	on	target	
2.7	×	1018		

– L =	7.2	×	1042	/cm2			

§ Fall	2018—Commissioning	run	
§ Winter	2018	to	2020—Data	
produc1on	runs	
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Long term  E1027—polarized beam 
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§ Measure	high-x	beam	quark	Sivers	func1on	
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Expected Precision from E-1027 at Fermilab 

1	December	2015	

Paul	E	Reimer,		Nuclear	Physics	Seminar,	Ohio	University	

~1,288k	DY	events	

§ Experimental	Condi1ons	

– Same	as	SeaQuest	
–  	luminosity:	Lav	=	2	x	1035	(10%	of	available	beam	1me:	Iav	=	15	nA)	
–  		3.2	X	1018	total	protons	for	5	x	105	min:		(=	2	yrs	at	50%	efficiency)	with	Pb	=	70%	

Can	measure	not	only	sign,	but	also	the	size	&	maybe	shape	of	the	Sivers	func,on!	
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§ Non	perturba1ve	proton	structure	is	interes1ng	
§  Non	perturba1ve	structure	can	be	

accessed	through	sea	quark	
measurements	

§  Drell-Yan	provides	access	to	the	sea	quarks	
§  SeaQuest	at	Fermilab	is	measuring		

–  		

–  		

Take away: 

9	November	2017	

Paul	E	Reimer	ECT*	Workshop	on	Dimuon	Produc1on	

52	

�pd

2�pp
=

1

2


1 +

d̄(x)
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