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Light-Cone Variables
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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).
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Beam Emittance 
& Detector Resolution

� Beam emittance envelope
� 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

� Lower √s gives better spectator resolution
� PD = 100 GeV/c

� σ(p⟘) ≈ 15 MeV/c

� σ(𝛂) ≈ 0.0002
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Detector implementation
� JLEIC example
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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



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
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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



Polarization: On-Shell Extrapolation

� S-state only
� Asymmetry 

independent 
of t.

� D-state 
coming soon 
(MS, CW)
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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



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
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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
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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

(A.D.)2



Diffraction, (Anti-)Shadowing, 
NN interaction

� D(e,e’ pn)X, D(e,e’Vpn)

� Detect final state neutron 
in ZDC

� V. Guzey, next talk
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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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Conclusions

� EIC can study deuteron with unprecedented 
precision
� Polarization without target dilution
� Spectator tagging to pS = 0
� Tensor Polarization
� EMC effect

� Exotic components

� Coherent D imaging:  eDà eDV (over-complete 
exclusivity).
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Deuteron: NIJM-II, NN-Online.org
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