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NN	Correlations	and	the	
EMC	Effect
• Or	Hen	(Previous	talk)
• DIS	at	xB >	1	correlates	with	the	EMC	effect
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Dynamics	and	Kinematics	of	
DIS

• 𝛼S(k)/𝜋 <	0.3	for	k>1	GeV

• Virtual	photon	probes	a	
volume	 #

$% &
⨂ #

()* +
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Long-Distance	Color	
Entanglement	– I.

• x	≈	0.1:		“Anti-Shadowing”
• DIS	enhancement:	𝑞 𝑥 +	𝑞0 𝑥
• No	𝑞0 𝑥 	enhancement	in	Drell-Yan	(FermiLab	E772)
• Hard	Core	of	NN-interaction	from	qqg	interchange?

• Expect	gluon	enhancement	in	nuclei
• JLab	LDRD	program	on	open-charm	in	nuclear	DIS	@	EIC
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Nuclear	PDF	ratios	to	A•Nucleon
EPPS,	Eur.	Phys.	J.	C	(2017)	77:163
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Fig. 9 The EPPS16 nuclear modifications for carbon (leftmost
columns) and lead (rightmost columns) at the parametrization scale
Q2 = 1.69 GeV2 and at Q2 = 10 GeV2. The thick black curves corre-

spond to the central fit S0 and the dotted curves to the individual error
sets S±i

[
!χ2] of Eq. (52). The total uncertainties are shown as blue

bands
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Fig. 9 The EPPS16 nuclear modifications for carbon (leftmost
columns) and lead (rightmost columns) at the parametrization scale
Q2 = 1.69 GeV2 and at Q2 = 10 GeV2. The thick black curves corre-

spond to the central fit S0 and the dotted curves to the individual error
sets S±i

[
!χ2] of Eq. (52). The total uncertainties are shown as blue

bands
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Fig. 9 The EPPS16 nuclear modifications for carbon (leftmost
columns) and lead (rightmost columns) at the parametrization scale
Q2 = 1.69 GeV2 and at Q2 = 10 GeV2. The thick black curves corre-

spond to the central fit S0 and the dotted curves to the individual error
sets S±i

[
!χ2] of Eq. (52). The total uncertainties are shown as blue

bands
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EIC	Open	Charm
JLab	LDRD	16-01/17-01,	C.	Weiss,	et	al,

• 𝑒𝐴 → 𝑒′𝑐𝑐̅𝑋 → 𝑒;𝐷𝑋′

• 10	fb–1
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Charm impact on large–x nuclear gluon 4
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Furletov/Furletova/Hyde/Sato/Strikman/Weiss 2017

• Impact of F2c pseudodata on EPS09 studied quantified using MC reweighting
Method of CJ15 analysis. Verified equivalence with Hessian reweighting.

• Here: Assumed 10% total error, dominated by systematics, point-to-point

• Substantial impact on large–x nuclear gluons

• Possible to constrain large–x nuclear gluons with charm at EIC!

Charm reconstruction: Inclusive D decays 9
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K from charm

Mirrored left−side distribution

Subtraction = charm signal

Decay length distribution
K from min bias

• Decay length significance distribution

Establish secondary vertex

Project decay length on jet axis, positive/negative

Identify D-meson decays through positive projection

• Used at HERA with vertex detector

• Use for charm at JLEIC

Level-2 simulations with vertex smearing

Identified K from PID

Efficiency up to ∼ 30%

Results: Sensitivity to large–x′ gluons 8
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• Integrand localized in x′ around
lower limit ax

• Heavy quark production probes
large–x′ gluons “almost locally”

Charm and beauty production with EIC
E. Chudakov, D. Higinbotham, Ch. Hyde, S. Furletov, Yu. Furletova, D. Nguyen,

M. Stratmann, M. Strikman, C. Weiss∗, BEACH2016, George Mason U., June 12–18
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• Electron-Ion Collider

Energy, luminosity, detection

• Nuclear gluons at large x

Nucleon-nucleon interaction in QCD

Heavy quarks as direct probe

• Open charm/beauty with EIC

Rates and background

Charm identification

New methods using PID

• More heavy-quark physics

Exclusive hh̄ production, Λh baryons



Long-Distance	Color	
Entanglement	– II.	
x	≪ 0.1:		“Shadowing”

• DIS	probes	fluctuations	
with	coherence	length	
larger	than	nucleon	or	
even	nuclear	size
• Low	energy	probes	
cannot	distinguish	this	
from	vacuum	fluctuations

• Precursor	to	saturation
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Animations	at
www.physics.adelaide.edu.au/theory/staff/leinweber



Nuclear	Final	State

• Naïve	
spectator	 kinematics:

• Fermi	gas:		|ai–1| ⪝ pF /M ≈ 0.25           pi,T ≤  pF

• EIC: In	a	heavy	nucleus	of	momentum		
Z	•(100	GeV/c),	spectator	neutrons,	protons	have	
laboratory	momenta	 (p||,	pT)	≈	[ai(40	GeV/c),  pi,T ]
• Forward	Tagging!
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𝛹PD

Pn

Spectator
Pp

X



Spectator	Tagging	DIS

• Neutron	on-shell	extrapolation	for	𝛼p≈1,	p⟘→0

10/29/18 INT	18-03		C.	Hyde 9

A study of neutron structure with (un)polarized deuterons and forward spectator tagging at EIC

Figure 1. (Color online) Examples of reduced cross-section fit with the 2nd order of polynomial function in terms

of −t′. The very left side red circle shows the extrapolation point at −t′ = 0. The vertical dashed line presents the

−t′min = 0.00416 GeV2 due to the deuteron binding energy. Error bar on the data point shows a quadrature sum

of statistical and systematic uncertainties.

Figure 2. (Color online) On-shell F2n as a function of xBJ (Left) at fixed ⟨Q2⟩ = 11.29 GeV2, Q2 (Right) at fixed

⟨xBJ⟩ = 0.1129. The magenta dots represent the F2n from model input. The blue shade band on the bottom shows

the systematic uncertainty.

⟨Q2⟩=11.29 GeV2 (left) and various Q2 from 1 to 102 GeV2 at fixed ⟨xBJ⟩ =0.1129 (right). We also
present an absolute difference of An

||
(red open squares) between model input and simulation.

In figure 2 and 4, we take into account 10% uncertainty in the intrinsic momentum spread of
deuteron beam (δp/p = 0.1) is the major systematic uncertainty. This systematic uncertainty is
dominated at lower −t′. Analyses with two αR cuts show a consistent result of extrapolation. A full
grid scan of xBJ and Q2 dependent (un)polarized neutron structure functions (F2n, An

||
) allows us to

estimate an evolution of global PDFs uncertainty.

A study of neutron structure with (un)polarized deuterons and forward spectator tagging at EIC

Figure 1. (Color online) Examples of reduced cross-section fit with the 2nd order of polynomial function in terms

of −t′. The very left side red circle shows the extrapolation point at −t′ = 0. The vertical dashed line presents the

−t′min = 0.00416 GeV2 due to the deuteron binding energy. Error bar on the data point shows a quadrature sum

of statistical and systematic uncertainties.

Figure 2. (Color online) On-shell F2n as a function of xBJ (Left) at fixed ⟨Q2⟩ = 11.29 GeV2, Q2 (Right) at fixed

⟨xBJ⟩ = 0.1129. The magenta dots represent the F2n from model input. The blue shade band on the bottom shows

the systematic uncertainty.

⟨Q2⟩=11.29 GeV2 (left) and various Q2 from 1 to 102 GeV2 at fixed ⟨xBJ⟩ =0.1129 (right). We also
present an absolute difference of An

||
(red open squares) between model input and simulation.

In figure 2 and 4, we take into account 10% uncertainty in the intrinsic momentum spread of
deuteron beam (δp/p = 0.1) is the major systematic uncertainty. This systematic uncertainty is
dominated at lower −t′. Analyses with two αR cuts show a consistent result of extrapolation. A full
grid scan of xBJ and Q2 dependent (un)polarized neutron structure functions (F2n, An

||
) allows us to

estimate an evolution of global PDFs uncertainty.

One	bin	in	Q2



DIS	on	the	Deuteron:	Spectator	Tagging

• ap ≈	1,	pp,T ≈	0	
àon-shell	extrapolation	of	DIS	on	neutron
• Calibrate	with	ZDC	tagging	of	spectator	neutron

• 30%/En1/2 ≈	4%	@	50	GeV	
dap ≈ 0.04   è
Rest	frame	resolution	of	
initial	NN	relative	momentum
~	40	MeV/c	for		DIS	on	
nearly	on-shell	proton

• On-shell	point	measured	for
|1–aP| <	0.02
• EMC	effect	in	Deuterium	with

|1–aP| >	0.2	 !!

10/29/18 INT	18-03		C.	Hyde 10
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EMC effect in tagged DIS II
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EMC effect in tagged DIS e + D ® e' + p + X, backward kinematics

x = 0.3-0.4, Q2 = 20-30 GeV2

aR = 0.89-0.91  (backward)
Lint = 107 nb-1,    seN = 1000 GeV2
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• Tagged DIS at non-zero off-shellness
t−M2

N ∼ 0.1GeV2

pR < 200MeV in rest frame:
Deuteron wave function known

αR < 1: Spectator backward
in rest frame, FSI minimal

Modification of free neutron structure?

Possible to discriminate!

• Uncertainty estimates

Systematics under control;
momentum resolution/smearing
not critical at pRT ∼ 100MeV

Statistics–dominated measurement,
possible with 1034 luminosity



Polarized	Deuterium	100	fb–1
• Depolarization	favors	
lower	energy:
D	=	y(2–y)/(2-2y+y2)

• p±n
• flavor
• Bjorken	Sum	
Rule
• 𝛂S(Q2)

• Tensor	
polarization	also
• b1(x)
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Neutron spin structure: Deuteron + tagging II
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Neutron spin structure with tagged DIS  ®e  +  ®D ®  e’ + p(recoil) + X
EIC simulation,  seN = 2000 GeV2,  Lint = 100 fb-1

Nuclear binding eliminated through on-shell extrapolation in recoil proton momentum

Q2 = 10-16

6-10

4-6

2.5-4

16-25

25-40

40-63

Error estimates include
extrapolation uncertainty

A∥n =
σ(+−) − σ(++)

σ(+−) + σ(++)

= D
g1
F1

+ ...

D =
y(2 − y)

2 − 2y + y2

depolarization factor

y =
Q2

xseN

• Precise extraction of neutron spin structure

Wide kinematic range: Leading ↔ higher twist, QCD evolution

Possible to study nonsinglet p − n and Bjorken sum rule A. Deshpande. A. Deur, ODU Workshop



Diffractive	DIS	(Double	Tagging)

• A	probe	of	multi-
nucleon	dynamics
• Low	p⟘
• Coherent	scattering	
from	quasi-free	n+p
• Calculable	from	ep	DIS

• High	p⟘ (high	Mn+p)
• Pomeron exchange	
from	short	range	NN	
pair.	
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Color-neutral	
db >	1/[Q2]1/2
No	FSI!

𝛹D T



Coherent	Diffractive	DIS
• eDà e	V	pn

• Miller,	Sievert,	Venugopalan,		Phys.Rev.	C93 (2016)	045202
• e.g.	Deep	exclusive	𝜙-production
• Δ2=(PD–pp–pn)2 =	(q-q𝜙)2

• Small	–Δ2,	large	pp⟘
èTransverse	gluon	
distribution	of	interacting	np	pair

• Challenges:
• Large	pp⟘è large	Mnp è increases	minimum value	of	–Δ2

• Count	rate?		GPD	structure	of	continuum	np system?

• Opportunities:
• CLAS12	Run	Group	B:		e+D,	2019.
• ODU	student	Mitchell	Kerver

10/29/18 INT	18-03		C.	Hyde 13

NN-
GPD

DA

𝛹DD
p

n

𝜙



Conclusions
• DIS	and	DVES	on	Polarized	Light	Nuclei	
• Full	or	partial	reconstruction	of	the	nuclear	
final	state
• BONuS12	at	JLab-CLAS12	
• Spectator	tagging	at	EIC

• “low-energy”	spectators	boosted	by	ion	β
• Neutron	tagging	with	δα≤0.05

• Novel	probes	of	the	QCD	dynamics	of	low-
energy	nuclear	physics
• Polarized	3He	for	NNN	interaction.
• Polarized	6,7Li
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