
• xBj <	0.05:		“Shadowing”
• Coherent	diffractive	
scattering	from	≥	2	nucleons
• Interference	is	destructive	by	
virtue	of	NN	antisymmetry

• NN	pair	must	be	in-line
• Transverse	resolution	1/Q2

post-selects	nuclear	state
• Shadowing	is	a	~100%	effect	
on	the	~10%	of	DIS	events	that	
are	diffractive

• Nuclear	gluon	suppression	
observed	in	LHC	ultra-
peripheral	collisions	
• Photon	cloud	of	forward	
moving	Pb nucleus	collides	
with	gluons	in	backward	
moving	Pb nucleus.	
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Nuclear	Dynamics	Probed	by		DIS:		IV
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Figure 3: Comparison of the ALICE suppression factors with predictions of the nuclear gluon shadowing in HI-
JING 2.0 (top), global QCD fits (middle), and in the leading twist approximation (bottom).
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• Incoherent	Diffraction:		A	clean	probe	of	multi-
nucleon	dynamics.
• Only	low-energy	
NN,	NNN...	Final	state	
Interactions

• Event-by-event	initial	&	
final	state:
• Elliptical source		
≥	2	nucleons

DIS	V.		Nuclear	Initial	and	Final	States	in	
Diffractive	DIS:		Double	spectator	tagging
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Destructive
Interference:	
active/spectator	in	
NN	pair

Color-neutral	
db >	1/[Q2]1/2
No	FSI!

1/(2xBM)

1/[Q2]1/2



DVES	on	Deuteron
(V	=	Vector	meson…)

• Coherent	d(e,e’d V)
• Tensor	polarized	beam:		Observe	quark-gluon	structure	
of	tensor	interaction.

• Incoherent	d(e,e’pnV)
• Miller,	Sievert,	Rajugopalan,	www.arXiv.org/1512.03111
• Low	mass	NN	final	state	≈	independent	nucleons
• High	mass	NN	final	state	à probe	quark-gluon	
distribution	of	interacting	NN	pair
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06-July-2016 MDB - Forward Detector Optimization 8

Geometry tagging (w/o shadowing)
Intra-nuclear cascading 
increases with d (forward 
particle production)

Leads to more evaporation 
of nucleons from excited 
nucleus (very forward)

Min bias A scan Evap. n - tagged eAu

LOOKS GOOD!

Ballistic	protons

Zheng,	Aschenauer,	Lee,	EPJA	50MDBaker,	ECA,	Lee,	Zhang	eRD17

(nuclei	are	all	surface)

Role	of	ballistic	nucleons:
Lappi,	Mäntysaari,	
R.	Venugopalan,	PRL	114

JLab	LDRD FY2017	project
Nadel-Turonski,	Baker	et	al



DIS	VI.				xBj≪ 0.1
• DIS	probes	fluctuations	with	coherence	length
l much	greater	than	nucleon	or	even	
nuclear	size.

• Precursor	to	saturation
• Low	energy	probes	cannot

distinguish	these	from	vacuum	fluctuations
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l ≈	1/(2MxBj)

Animations	at

www.physics.adelaide.edu.au/theory/staff/
leinweber/VisualQCD/Nobel/index.html



Conclusion

• A	High	Luminosity	Polarized	Electron	Ion	Collider	is	an	
unprecedented	tool	to	quantitatively	explore	the	quark-gluon	
dynamics	of
• the	Origin	of	the	Mass	of	mesons	and	baryons
• The	Creation	of	Mass	as	a	quark	or	gluon	propagates	through	cold	
QCD	matter
• Vacuum
• Nucleus

• Nuclear	Binding
• NN	Force
• NNN	Force

• These	are	exciting,	challenging	questions.
• We	can	make	progress
• These	emergent	phenomena	will	resonate	with	the	larger	scientific	
community
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Backup	Slides
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EMC	Effect’:	Anti-Shadowing
• Anti-shadowing	is	
not	anti-quarks!
FermiLab Drell-Yan	
E722

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 305

Fig. 34. Prediction for nuclear PDFs and structure functions for 208Pb. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at Q 2 = 4,
10, 100 and 10, 000 GeV2. The four upper panels correspond to FGS10_H; the four lower panels correspond to FGS10_L.

The numerical value of the exponent � = 0.25 in Eq. (126) can be understood as follows. The x dependence of nuclear
shadowing at small x is primarily driven by the xP dependence of the Pomeron flux fP/p(xP) / 1/x(2↵P�1)

P / 1/x1.22P . There-
fore, in the very small x limit, one expects from Eq. (64) that, approximately,

�F2A(x,Q 2)/A /

✓
1
x

◆0.22

,

�xgA(x,Q 2)/A /

✓
1
x

◆0.22

, (127)

which is consistent with our numerical result in Eq. (126).
When we present our predictions for nuclear shadowing in the form of the ratios of the nuclear to nucleon PDFs, it is

somewhat difficult to see the leading twist nature of the predicted nuclear shadowing because of the rapid Q 2 dependence
of the free nucleon structure functions and PDFs. In order to see the leading twist nuclear shadowing more explicitly, one
should examine the absolute values of the shadowing corrections.

Fig. 38 presents |�F2A(x,Q 2)/A| and |�xgA(x,Q 2)/A| as functions of Q 2 at fixed x = 10�4 (first and third rows) and
x = 10�3 (second and fourth rows) for 40Ca (four upper panels) and 208Pb (four lower panels). The solid curves correspond
to FGS10_H; the dotted curves correspond to FGS10_L. Also, for comparison, presented by the dot-dashed curves, we give
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Gluons	&	Nuclear	Binding

• Shadowing	(coherent	gluons
from	NN,	NNN	...)
• ALICE	PLB718 (213)	
ultra-peripheral	
AAà AA	J/Y
...CMS 2016
Fig. from Guzey, Zhalov,
arXiv.org/ 1404.6101

• x	= 0.001	— 0.01
• Expectation	of	gluonic
anti-shadowing	at	x	≈ 0.1

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 305

Fig. 34. Prediction for nuclear PDFs and structure functions for 208Pb. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at Q 2 = 4,
10, 100 and 10, 000 GeV2. The four upper panels correspond to FGS10_H; the four lower panels correspond to FGS10_L.

The numerical value of the exponent � = 0.25 in Eq. (126) can be understood as follows. The x dependence of nuclear
shadowing at small x is primarily driven by the xP dependence of the Pomeron flux fP/p(xP) / 1/x(2↵P�1)

P / 1/x1.22P . There-
fore, in the very small x limit, one expects from Eq. (64) that, approximately,
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which is consistent with our numerical result in Eq. (126).
When we present our predictions for nuclear shadowing in the form of the ratios of the nuclear to nucleon PDFs, it is

somewhat difficult to see the leading twist nature of the predicted nuclear shadowing because of the rapid Q 2 dependence
of the free nucleon structure functions and PDFs. In order to see the leading twist nuclear shadowing more explicitly, one
should examine the absolute values of the shadowing corrections.

Fig. 38 presents |�F2A(x,Q 2)/A| and |�xgA(x,Q 2)/A| as functions of Q 2 at fixed x = 10�4 (first and third rows) and
x = 10�3 (second and fourth rows) for 40Ca (four upper panels) and 208Pb (four lower panels). The solid curves correspond
to FGS10_H; the dotted curves correspond to FGS10_L. Also, for comparison, presented by the dot-dashed curves, we give
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Figure 3: Comparison of the ALICE suppression factors with predictions of the nuclear gluon shadowing in HI-
JING 2.0 (top), global QCD fits (middle), and in the leading twist approximation (bottom).
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Spectator	Tagging

• Spectator	Tagging:

• Impulse	Approximation:

• In	Deuteron	rest-frame:

• In	Collider	Frame:
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EMC effect in tagged DIS II
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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



On-Shell	Extrapolation

• Spectator	Tagging	in	Impulse	
Approximation:

• Example	on-shell	extrapolation
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EMC effect in tagged DIS II
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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

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.



Neutron	F2 from	on-shell	
Extrapolation

• A	sample	bin	in	Q2

• Error	bars	are	statistical
• Error	band	is	systematic	
error	from	assumed	10%	
uncertainty	in	incident	
beam	emittance

• Radiative effects	not	yet	
included.

• QCD	Evolution	not	yet	
included.
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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.



Neutron	Spin	Structure
Longitudinal	Double	Spin	Asymmetry	on	the	Neutron
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The Journal’s name

Figure 3. (Color online) A|| fit with 1st order of polynomial function in terms of −t′ to extrapolate to on-shell

point. Symbols are same as Fig. 1.

Figure 4. (Color online) On-shell An
||

extrapolation (circles) as a function of xBJ (Left) at fixed ⟨Q2⟩ = 11.29

GeV2, Q2 (Right) at fixed ⟨xBJ⟩ = 0.1129. The magenta dots represent the A|| from model input. Red squares

around horizontal dashed line are absolute difference between model input and fit result.

4 Summary

We have developed a MC simulation of spectator tagging event generator with Jlab EIC configuration.
Overview of this project and more detail information are available on the public project web-page at
https://www.jlab.org/theory/tag/. All latest version of computer codes, documentation, general infor-
mation are also available in the github [3].

A spectator tagging technique using (un)polarized deuteron and electron beams allows us to mea-
sure (un)polarized neutron structure under controlled uncertainty and model-independently. Using this
method, on-shell extrapolation of F2n and An

||
have been carried out using our pseudo-data. Overall, a

% level of statistical uncertainty is achievable in given luminosity, L = 1033 cm−2s−1 and the system-

x-dependence at fixed Q2 Q2-dependence at fixed x


