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Collider	Kinematics
• Natural	light-cone	direction	is	event-by-event	frame	
with	q and	PD anti-collinear.

• Spectator	proton	(or	neutron)	emitted	in	forward	
direction	with	~	50%	of	beam	momentum

• Beam	emittance	envelope	is	comparable	to	Far-
Forward	tracking	resolution	of	spectator	proton

• Both	effects	(and	crossing	angle)	included	in	
e	Dà e´ p	X Monte-Carlo	

• Jlab LDRD	2014-2015
www.jlab.org/theory/tag/
Codes,	references…
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Light-Cone	Variables:	
(𝛂,	p⟘)

𝛹PD

Pn

Spectator
Pp

X
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Detector	implementation
• JLEIC	example

CLAS12

CLAS12 + 
BoNuS12/
ALERT

EIC

a» k/M

GEMC:
–– e–
---- D
— p

D(e,e’p)X
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Beam	Emittance	 &	Detector	Resolution
• Beam	emittance	envelope	(JLEIC)

• σ(PD)/PD ≈3•10–4,							σ(P⟘)/PD ≈	2•10–4

• Spectator	tracking	resolution	
• σ(x)	≈	100μm,	Dispersion	≈	1m	
• σ(P||,	P⟘)/Pp ≤	2•10–4

• Requires	relative	stability/position	measurement	of	transverse	
beam	crossing	to	~	100	μm

• On-shell	extrapolation	is	smooth	in	(t’)2 dσ
• Sensitive	to	resolution	of	t’:		Simulation	results	assume	
emittance	is	known/stable	to	±10%

• PD =	100	GeV/c
• σ(p⟘)	≈	15	MeV/c
• σ(𝛂)	≈	0.0002	
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Neutron	F2
• On-shell	extrapolation
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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.
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One	(small)	bin	in	Q2

Cross	section	multiplied	by	(t’)2



D(e,epS)X:		pS+X FSI
• Final	State	Interactions	alter	the	shape	of	the	On-Shell	
extrapolation,	not	the	residue	F2n at	the	pole	1/(t’)2

• M.Strikman,	C.Weiss,	PRC	97	(2018)
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FIG. 15. The ratio of the distorted spectral function to the IA
spectral function, Sd[dist]/Sd[IA], Eqs. (6.52)–(6.55), as a function
of −t ′, for a fixed value αp = 1. The plot shows separately the IA,
IA + FSI, and IA + FSI + FSI2 results.

0.1 GeV2, where the dominant correction comes from the
S-wave IA interfering with the S-wave rescattering integral
(see Sec. VI D). The results for higher momenta in Figs. 14 and
15 are estimates and shown for illustration only. Our objectives
in the present study are to calculate the dominant linear FSI
correction at low recoil momenta, and to estimate roughly at
what recoil momenta the quadratic FSI correction becomes
comparable to the linear one. This information is sufficient for
assessing the prospects for neutron structure extraction from
future tagged DIS measurements with EIC (see below). An
accurate description of FSIs in tagged DIS at recoil momenta
| pp| ! 300 MeV would require more accurate construction of
the deuteron LF wave function at large relative momenta, as
well as more detailed modeling of the slow hadron distribution
and the rescattering process.

G. Analytic properties

We must also investigate the effect of FSIs on the analytic
properties of the spectral function in t ′. The IA current matrix
element contains the nucleon pole of the deuteron wave
function at t ′ = 0, which causes the IA spectral function to
behave as ∼ R/(t ′)2 in the limit t ′ → 0 (see Sec. IV G). It is easy
to see that the FSI contribution to the current matrix element is
nonsingular in the limit t ′ → 0. This follows from the fact that
the rescattering integral Id , Eq. (6.20), or the corresponding
nonrelativistic approximation Eq. (6.50), is a smooth function
of the recoil momentum in the physical region | pp(RF)| > 0
(or t ′ < t ′0), remains regular at | pp(RF)| = 0, and can thus
be continued to the unphysical point | pp(RF)|2 = t ′0/2 =
−MNϵd + ϵ2/4 (or t ′ = 0) without encountering singularities
of the deuteron wave function. In the invariant formulation
using Feynman graphs, it follows from the fact that the nucleon
pole arises from the nucleon tree graph, while the loop graphs
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FIG. 16. The distorted spectral function Sd[dist], Eqs. (6.52)–
(6.55), with the pole factor R/(t ′)2 extracted, as function of t ′, for
αp = 1 (cf. Fig. 7). The plot shows separately the IA, IA + FSI, and
IA + FSI + FSI2 results.

describing FSIs can at most modify the subleading behavior. A
formal proof of this “no-loop theorem” was given in Ref. [15].

Figure 16 shows the distorted deuteron spectral function
with the pole factor removed. The plot shows separately the
IA, the sum IA + FSI, and the sum IA + FSI + FSI2 (total).
One sees the following:

(i) The FSI correction vanishes when approaching the pole.
(ii) The FSI2 correction vanishes even faster than the FSI

one.
(iii) The magnitude of the FSI correction is ∼ 30% of the

IA at |t ′| ∼ 0.1 GeV2 and decreases approximately linearly in
|t ′| as |t ′| → 0.

The fact that FSI does not modify the nucleon pole singu-
larity of the IA spectral function is of central importance for
the extraction of neutron structure from DIS on the deuteron
with proton tagging. It implies that FSIs can be eliminated in a
model-independent manner through the on-shell extrapolation
procedure described in Sec. IV G. The FSI modifies the mea-
sured tagged structure at t ′ < t ′0 but drops out when performing
the extrapolation to t ′ = 0 [15].

H. Sum rules and unitarity

Important physical requirements of the deuteron spectral
function are the nucleon number and LF momentum sum
rules, Eqs. (4.21) and (4.22). They express the fact that the
initial state consists of two nucleons and does not involve non-
nucleonic degrees of freedom. The interactions summarized
by the deuteron wave function distribute the LF momentum
among the two nucleons but do not change the baryon number
or the overall LF momentum of the system. The IA result for
the spectral function satisfies both sum rules, and we would like
them to be satisfied in the presence of FSI as well. We want to
comment briefly how this is realized within our model of FSIs.

035209-30

M. STRIKMAN AND C. WEISS PHYSICAL REVIEW C 97, 035209 (2018)

(Feynman diagrams, virtual nucleon approximation), where it
corresponds to “nucleon exchange” between the deuteron and
the electromagnetic current; (d) the pole Eq. (4.45) represents
the leading singularity in the limit t ′ → and is contained in the
IA cross section; FSIs modify only subleading singularities
in t ′, as was proven in general in Ref. [15] and will be
demonstrated explicitly using the specific model of FSIs
derived in Sec. VI.

In the limit t ′ → 0 the invariant mass difference in the
deuteron LF wave function tends to zero, Eq. (4.44). This
implies that the LF energy off-shellness of the pn system in
the IA vanishes [cf. Eqs. (4.6) and (4.7)],

p+
d (̃q−−q−) = p+

d (p−
d −p−

n −p−
p )

= −
(
spn −4M2

N

)
→ 0. (4.47)

The kinematic shift in the four-momentum transfer, q̃ −q,
Eq. (4.7), therefore disappears at the pole, and the IA effec-
tively describes the scattering from a free on-shell neutron.

The analytic properties of the LF spectral function suggest
a natural method for extracting the free neutron structure func-
tions from proton-tagged DIS measurements on the deuteron.
One measures the proton-tagged structure function at fixed
Q2 as a function of x and the recoil proton momentum | pp|.
One then tabulates the tagged structure function data in αp

and t ′, which extends over the physical region t ′ < t ′min. The
free neutron structure function is then obtained by multiplying
the tagged structure function data by (t ′)2/R (i.e., extracting
the pole factor of the spectral function) and extrapolating
the resulting data to t ′ → 0 (on-shell extrapolation). The
procedure gives the residue of the tagged structure function
at the pole (with the residue of the spectral function removed),
which by definition is the free neutron structure function.
Nuclear binding and FSI only modify the tagged structure
function at t ′ ̸= 0 but drop out at the pole, so that the procedure
is exact in principle. In practice its accuracy is determined by
the variation of the tagged structure function in t ′ away from the
pole. This question will be addressed with the specific model
of FSIs developed in Sec. VI.

The on-shell extrapolation also practically eliminates the
D-wave contribution to the deuteron spectral function. The D
wave does not contain the nucleon pole and is regular at t ′ = 0.
At the same time, because of the angular momentum L = 2, its
wave function is proportional to | pp|2 at small | pp|. Because
t ′ = 0 corresponds to small unphysical momenta | pp|2 =
−a2 = −ϵdMN , cf. Eq. (3.25), the D-wave contribution to the
spectral function is O(a4) at t ′ = 0 and thus extremely small.

We evaluate the IA spectral function numerically, using
the nonrelativistic approximation Eq. (4.43) and the AV18
deuteron wave function [56]. Figure 7 shows the t ′ dependence
of the IA spectral function after extraction of the pole factor
R/(t ′)2. [t ′ is obtained from the proton rest-frame momentum
| pp| through Eq. (2.53).] One sees that the dependence is
smooth over a broad region |t ′| ! 0.1 GeV2, suggesting that
a polynomial fit would permit accurate extrapolation to t ′ = 0.
(The minimum value |t ′min| is indicated on the graph.) The plot
shows the S-wave contribution and the sum of S and D waves
(total). One sees that the S wave dominates at small |t ′|, and
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FIG. 7. The deuteron spectral function in the IA, Sd[IA], with the
pole factor R/(t ′)2 extracted, as function of t ′, for αp = 1. The spectral
function is evaluated in the nonrelativistic approximation Eq. (4.43)
using the AV18 deuteron wave function [56]. Dashed line: S-wave
contribution only. Solid line: Sum of S and D waves.

that the D wave disappears in the limit t ′ → 0, as expected on
general grounds.

V. FINAL-STATE HADRON DISTRIBUTIONS

A. Kinematic variables

FSIs in tagged DIS arise from interactions of the spectator
nucleon with “slow” hadrons produced by the DIS process
on the active nucleon (rest frame momenta | ph| ! 1 GeV, or
target fragmentation region; see Sec. I). In order to calculate
these effects we need to study the properties of the slow hadron
distributions in DIS on the nucleon and parametrize them
for our purposes. In this section we discuss the kinematic
variables characterizing the final-state hadron distributions,
the conditional structure functions, and the basic features of
experimental distributions.

For the theoretical description of DIS on the nucleon (N =
p,n) we use a frame where the nucleon momentum pN and
the momentum transfer q are collinear and define the z-axis
of the coordinate system (cf. Sec. II C).3 In such a frame the
LF components of the nucleon four-momentum pN and the
four-momentum transfer q are

p+
N > 0 (arbitrary), p−

N = M2
N

p+
N

, pNT = 0

q+ = −ξp+
N, q−= Q2

ξp+
N

, qT = 0

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
, (5.1)

3In the calculation of FSIs in tagged DIS on the deuteron below we
shall neglect the effect of the active nucleon’s transverse momentum
on the final-state hadron spectrum, so that the z axis axis of the
virtual photon-nucleon frame coincides with that of the virtual photon-
deuteron frame.
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The	EMC	Effect	in	the	Deuteron
• Concept:		EMC	effect	arises	from	short	range	fluctuations	in	
D	wave-function

• Extract	on-shell	point	
for	|𝛂–1|<0.02

• Dashed	line	is	IA	for
𝛂 =	0.9

• Pseudo-data	shows	
possible	magnitude	of
EMC	effect

• “Model-Independent”	
extraction
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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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on-shell modified
unmodified

• 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



Polarization:	
On-Shell	Extrapolation
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Neutron spin structure: Deuteron + tagging
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Longitudinal spin asymmetry in tagged DIS e + D ® e’ + p + X

x = 0.04 - 0.06,  aR = 0.98 - 1.02

JLEIC simulation
CM energy seN = 1000 GeV2

Int. luminosity 2 ´ 107 nb-1Kinem. limit

Free neutron

Q2 = 13-20 GeV2

20-30 GeV2

30-40 GeV2

• Accuracy goal δA∥/A∥ ! 10%
cf. proton, unpolarized neutron

• Neutron spin structure with
polarized D and proton tagging

Recoil momentum defines/controls
neutron’s off-shellness t − M2

N

Free neutron at pole t − M2
N :

On-shell extrapolation

Eliminates nuclear binding and FSI,
model-independent method!

D–wave suppressed at on-shell point:
Neutron 100% polarized

• Uncertainties quantified LDRD project

Weak off-shell dependence of A∥

Beam smearing effects largely cancel

Theory: Polarized deuteron tagging III 14
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S+D-wave

S+D-wave, no Melosh

S-wave

S-wave, no Melosh

• Polarized deuteron light-front wave fn

S + D waves in orbital motion

Melosh rotations relate non-relativistic
nucleon spin to light-front helicity

• Spin effects in tagging

D wave dominates at large recoil
momenta p > 300 MeV (rest frame)

Drops out at on-shell point p ≈ 0:
Cross section, spin asymmetry

Can perform simulations
with full deuteron spin structure

Cosyn, Sargsian, Weiss 17

• S+D	state:
• Sargsian,	Cosyn,	Weiss	2017	
• Extrapolation	smooth	for	
t’<0.08	GeV2

• Simulation	with	S-state	only
• Asymmetry	independent	of	t’



Polarization

• 1	year	@	
1034/cm2/s

• Depolarization	favors	
lower	energy:
D	=	y(2–y)/(2-2y+y2)

• p±n
• flavor
• Bjorken	Sum	
Rule

• 𝛂S(Q2)
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Neutron spin structure: Deuteron + tagging II

-0.06

-0.04

-0.02

 0

 0.02

 0.001  0.01  0.1  1

N
eu

tro
n 

sp
in

  a
sy

m
m

et
ry

  
A |

| n
 (x

, Q
2 )

x

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



DIS	from	Bound	Proton
• Tag	spectator	neutron

• D(e,e’n)	X
• State-of-the-art	HCal
σ(E)/E	≳ 30%/√E
NIM		A	866	(2017)	76.

• 3	contours/decade	in	D	
momentum	
distribution.

• Ovals	are	1-σ	envelope	
of	tagged	neutron	
resolution.
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Diffraction,	(Anti-)	Shadowing	and	
the	NN	interaction

• D(e,e’	pn)X,	
• Small	sized	color	neutral	“X”	

• Only	FSI	are	ordinary	pn interactions

• D(e,e’Vpn)
• Transition	GPD	of	Dàpn continuum
• G.Miller,	M.	Sievert,	R.Venugopalan,	PRC 93	(2016)

• Final	state	np	relative	momentum	Fourier	Conjugate	to	initial	
state	np spatial	separation.

• Study	the	quark-gluon	structure	of	interacting	np pair
• Or	Hen,	Alterelli Prize	lecture	on	dynamics	of		EMC	effect
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Conclusions

• Unprecedented	precision	study	of	neutron,	and	
NN,	NNN	quark-gluon	structure	possible	with	
spectator	tagging at	an	Electron	Ion	Collider

• Boost	enables	tagging	to	pS ≈	0
• Transverse,	Longitudinal,	Tensor	Polarization	without	
dilution

• 3He	(polarized)	is	essential	too,	but	not	a	substitute	
for	the	deuteron	(polarized	or	unpolarized)
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