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Control nuclear configuration in DIS process

2Tagging: Applications

Detection of spectator selects nuclear configuration: 
Momentum  size, interactions,  or ↔ p n

Free neutron structure: few 10 MeV, 
extrapolation to pole at 

p ∼
p2 < 0

Bound nucleon structure / EMC effect:   
200-500 MeVp ∼

p
e

e’

d

X
n

,    αp =
Ep + pz

p

Md
ppT

Light-cone momenta in  direction (  z-axis)γ* q ∥

Spectator momentum variables

Free neutron: ,  few 10 MeVαp ∼ 1 ± few 0.01 ppT ∼

Bound nucleon: ,  200-500 MeVαp,n ∼ 0.5 − 1.5 ppT ∼

e + d → e′ + X + p(n)



3Tagging: Observables

dσ(ed → e′ Xp) = Flux(x, Q2) dxdQ2 dϕe′ 

2π
× σd,𝗋𝖾𝖽(x, Q2; αp, ppT, ϕp) dΓp

Electron-deuteron cross section

Reduced virtual photon cross section (no L/T separation)

σd,𝗋𝖾𝖽(x, Q2; αp, ppT, ϕp) = F2(x, Q2; αp, ppT) + ϵFL(x, Q2; αp, ppT) + ϕp-dep. structures

DIS variables

x ≡
Q2

pdq
, 0 < x < 2 y ≡

pdq
pd pe

, 0 < y < 1

Correspond to standard variables for DIS on nucleon with “nominal” momentum pd /2

p,n

e
p

e’

p
d

p,n
p

p

q

X
d

e e’

likewise for 
p → n



4Tagging: Theory

σd,𝗋𝖾𝖽(x, Q2; αp, ppT) = Sd(αp, ppT) × σn,𝗋𝖾𝖽(xn, Q2)

Separate deuteron and nucleon structure  composite description 
Use methods of light-front quantization [Frankfurt, Strikman 81+]

→

+  initial-state modifications  +  final-state interactions

IA, here  ∫ dϕp

σn,𝗋𝖾𝖽(xn, Q2) = F2n(xn, Q2) + ϵFLn(xn, Q2) reduced neutron cross section

xn =
x

2 − αp
effective scaling variable in  DIS processen

ϵ(en) = ϵ(ed) + 𝖼𝗈𝗋𝗋𝖾𝖼𝗍𝗂𝗈𝗇𝗌 (1 − αp)2x2m2/Q2

Strategy: Use momentum dependence to eliminate/control initial-state modifications 
and final-state interactions

same in  and  processen ed



 Detector variables

5EIC: Spectator momentum variables

  spectator momenta in 
detector
pp(𝗅𝗈𝗇𝗀𝗂𝗍), pp(𝗍𝗋𝖺𝗇𝗌𝗏)

beam
ion

d
p, n

p (longit)

p (transv)

e
beam

electrone’

Boosted from rest frame in forward ion direction

θp ≡
pp(𝗍𝗋𝖺𝗇𝗌𝗏)
pp(𝗅𝗈𝗇𝗀𝗂𝗍)

xLp ≡
pp(𝗅𝗈𝗇𝗀𝗂𝗍)
pd(𝖻𝖾𝖺𝗆)

polar angle momentum fraction = 
magnetic rigidity ratio

Relation to physics variables

Forward ion direction generally different from virtual photon direction!

In non-exceptional DIS kinematics  directions are close(x ≪ 1, Q2 ≪ Q2
𝗆𝖺𝗑)

θp ≈
2ppT

αppd
xLp ≈

αp

2
simple relation between physics and detector variables



6EIC: Far-forward detectors

Gap

Off−mom det
Roman pots
(dep on x

L
)

B0 tracker
5.5 − 20 mrad

0 − 5 mrad

Magnetic spectrometer and detectors for 
charged particles, integrated in accelerator 
optics, several subsystems

Zero-degree calorimeter for neutrals

Subsystems used in spectator tagging

Protons
0.2 < xL < 0.6
θ < 5 𝗆𝗋𝖺𝖽 Off-mom 

detectors

Protons θ < 5 𝗆𝗋𝖺𝖽
xL > 0.6

Roman 
Pots

Protons 5.5 < θ < 20 𝗆𝗋𝖺𝖽 B0 
tracker

Neutrons θ < 4 𝗆𝗋𝖺𝖽 ZDC

U
sed in free neutron

Bound nucleon/EM
C

Proton acceptance = function( )θ, xL



7EIC: Momentum resolutionSummary of Detector Performance (Trackers)
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• All beam effects included!
• Angular divergence.
• Crossing angle.
• Crab rotation/vertex smearing.

• Longitudinal momentum resolution 
~5% or (much) less in all cases.
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Proton momentum resolution

Simulations include detector resolution and 
beam effects: angular divergence, crabbing 
rotation, vertex smearing

Details depends on kinematics: Beam energy,  
subsystems used

Transverse momentum resolution achieved 
20 MeV at low ΔpT ∼ pT

Longitudinal momentum resolution typically 
5%, significantly better for αp /αp ≲ αp ∼ 1

Neutron momentum resolution

Summary prepared by A. Jentsch

ΔE
E

=
50 %

E
⊕ 5 %

Δθ
θ

=
3 𝗆𝗋𝖺𝖽

E
with present ZDC design

Figures in supplement



8Free nucleon: Pole extrapolation

9

The nucleon pole singularity in the deuteron light-front
wave function Eq. (40) has a simple physical interpreta-
tion. In the transverse coordinate representation of the
wave function, it describes pn configurations with asymp-
totically large transverse size rT ! 1 in the deuteron
[24]. At such distances the nucleons are outside of the
range of the nucleon-nucleon interactions, and their mo-
tion is essentially free. The nucleon pole thus represents
a universal feature of the deuteron as a weakly bound sys-
tem. It can be derived from the structure of the bound
state equation and is found in all models that describe
the deuteron as a bound state with a finite-range nucleon-
nucleon interaction. The pole position Eq. (41) follows
from kinematic considerations and is known exactly. The
residue Eq. (43) can be inferred from non-relativistic
deuteron structure calculations and low-energy measure-
ments and is known with an accuracy . 1% (see Ap-
pendix A 5 and Table II).

Tagged DIS at physical transverse momenta p
2
pT >

0 always samples finite-size pn configurations in the
deuteron, where nucleon interactions are generally
present. However, analytic continuation to unphysical
momenta p

2
pT ! �a

2
T can e↵ectively access infinite-size

configurations rT ! 1, where nucleon interactions are
absent. Final-state interactions of the DIS products with
the spectator are also suppressed in such configurations.
This allows one to practically realize DIS on an unbound
nucleon in the deuteron and to extract free neutron struc-
ture.

In the light-front spectral function Eq. (27), the nu-
cleon pole Eq. (40) gives rise to a singularity of the form,

Sd(↵p, ppT ) =
C

(p2pT + a2T )
2

+ (less singular)

⌘ Sd(↵p, ppT )[pole], (44)

where the residue is

C ⌘ C(↵p) ⌘ ↵
2
p(2� ↵p)mN�2

. (45)

The nucleon pole Eq. (44) dominates the behavior of the
spectral function at low transverse momenta in the phys-
ical region. Figure 3a shows the spectral function and its
pole term as functions of p2pT in the physical (p2pT > 0)
and unphysical regions (p2pT < 0), for fixed values of ↵p.
(This numerical example uses the two-pole parametriza-
tion of the wave function of Appendix A6.) One observes
that the pole term accounts for most of the value and the
variation of the spectral function in the physical region
0 < p

2
pT . 0.01 GeV2; the spectral function varies by an

order-of-magnitude over this interval. Figure 3b shows
the ratio of the spectral function and the pole term,

Sd(↵p, ppT )

Sd(↵p, ppT )[pole]
, (46)

as a function of p
2
pT in the same interval. One notes

that the deviations of the full spectral function from the

FIG. 3. Deuteron spectral function and its nucleon pole con-
tribution. (a) Spectral function Sd(↵p, ppT ), Eq. (27) (solid
lines) and its pole term Sd(↵p, ppT )[pole], Eq. (44) (dashed
lines) as a function of p2pT , for two fixed values of ↵p. The
plot shows the functions in the physical (p2pT > 0) and un-
physical regions (p2pT < 0). The positions of the poles at
p2pT = �a2

T (↵p) are marked by arrows for the two values of
↵p. (b) Ratio of the full spectral function and the pole term,
Eq. (46), as a function of p2pT , for the same fixed values of ↵p.

pole term are . 30% for 0 < p
2
pT . 0.01 GeV2, and

that dividing the full spectral function by the pole term
removes most of the p

2
pT dependence. In particular, the

plots also illustrate that, when following the dependence
into the unphysical region p

2
pT < 0 and approaching the

pole at p
2
pT ! �a

2
T , the pole term represents the entire

spectral function, as implied by Eq. (44), and the ratio
becomes unity,

Sd(↵p, ppT )

Sd(↵p, ppT )[pole]
! 1 (p2pT ! �a

2
T ). (47)

The existence of the nucleon pole and its properties
enable a unique method for neutron structure extraction
from DIS on the deuteron with proton tagging (“pole
extrapolation”):

(i) Measure the tagged DIS cross section Eq. (14) at
fixed ↵p and small physical transverse momenta, re-
move the flux factor, and extract the �p-integrated

 σd,𝗋𝖾𝖽 = Sd(αp, ppT) σn,𝗋𝖾𝖽(xn, Q2)

+ modifications/interactions

 Sd[𝗉𝗈𝗅𝖾] =
C

(p2
pT + a2

T)2

Noninteracting  configurations (size ) 
can be reached by analytic continuation in 
spectator momentum

pn → ∞

“Free nucleon pole” of spectral function:  
Universal feature, position and residue known
Bethe-Peierls radius, asymptotic S-wave normalization

Extraction procedure

[Sargsian, Strikman 2005]

Measure proton-tagged cross section at fixed   
as function of  

αp
p2

pT > 0

Divide data by pole term of spectral function 
evaluated at experimental p2

pT

Extrapolate to pole position p2
pT → − a2

T < 0

Experimentally challenging: Functions depend 
strongly on  — resolution!ppT



9Free nucleon: EIC simulations
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FIG. 8. Pole extrapolation and free nucleon cross section ex-
traction in spectator tagging. Top: Neutron cross section with
proton tagging. Bottom: Proton cross section with neutron
tagging. The data show the deuteron reduced cross sections
divided by the pole factor, Eq. (52), as functions of p2pT (p

2
nT ).

Stars and bands: MC data (generator-level). Circles: Re-
constructed with acceptance only. Squares: Full simulations
including acceptance and smearing e↵ects (these data show
the raw smearing e↵ects and have not been corrected). The
lines shows the first-degree polynomial fits used for the pole
extrapolation. The fit functions are evaluated at the pole po-
sition Eq. (41), where they give the free nucleon reduced cross
sections (denoted by the arrows).

section. One sees that the experimentally reconstructed
pole factor is a smooth function and follows the theoret-
ical function shown in Fig. 3.

C. Nucleon structure from pole extrapolation

In the third step of the analysis, we extrapolate the
deuteron cross section after pole removal to the nucleon

pole p
2
pT (p

2
nT ) ! �a

2
T , where it gives the free nucleon

cross section, see Eq. (52). Figure 8 shows the simulated
data and the extrapolation procedure for both proton and
neutron tagging. The bands show the p

2
pT (p

2
nT ) depen-

dence of the cross section after pole removal, Eq. (50),
as obtained from the MC data with acceptance e↵ects
only (no smearing). One sees that the dependence of
this quantity on p

2
T is very weak, because most of the p2T

dependence of the tagged cross section has been removed
by the pole factor (see also Fig. 3), and that the data
indicate a regular distribution around a smooth curve.
The extrapolation to negative p

2
T can therefore be per-

formed with a low-order polynomial fit. The degree of
the fitting polynomial and the choice of p

2
T range for

the fit are a matter of optimization and determine the
fit uncertainty (see Sec. V); the example in the figure is
representative and shows a first-order fit over the range
0 < p

2
T < (100 MeV/c)2. The free nucleon reduced cross

section and its uncertainty are obtained by evaluating
the fit at the pole momentum p

2
pT (p

2
nT ) = �a

2
T . Note

that the extrapolation relies essentially on the EIC far-
forward acceptance extending down to p

2
T = 0 for both

protons and neutrons; any acceptance limit p2T > 0 would
increase the extrapolation distance and uncertainty.

In Figure 8 the extrapolation is performed with the
MC data with acceptance e↵ects only. The plots also
show the distributions obtained from the full simulations,
which include the e↵ects of momentum smearing in the
cross section and the pole factor. One sees that these
distributions di↵er from the generator-level distributions
by ⇠10% in the case of proton tagging, and ⇠30% in
neutron tagging. In an actual experiment the smearing
e↵ects will be corrected by an unfolding procedure, which
is expected to eliminate most of the di↵erences. Perform-
ing the extrapolation with the original MC distributions
therefore presents a realistic picture of nucleon structure
extraction in the actual experiment.

Figure 9 shows the free neutron and proton reduced
cross sections measured via pole extrapolation, Eq. (52),
at several values of ↵p and ↵n. The reduced cross sections
are presented as functions of xn and xp, Eqs. (28) and
(34), the nucleon-level scaling variables whose values are
fixed by the spectator kinematics. The result shown here
have been corrected for artifacts resulting from the treat-
ment of the electron-nucleon sub-process kinematics in
BeAGLE, by applying the factor Eq. (54) (see Sec. III A;
this correction will not be needed in a real experiment).
An important feature of tagging is that the same value of
xn(xp) can be realized with di↵erent combinations of x
and ↵p(↵n), allowing one to measure the same physical
nucleon cross section in di↵erent settings of the exter-
nal DIS and spectator kinematics. Figure 9 shows that
the results obtained at di↵erent values of ↵p(↵n) agree
at the level of 5–10%; the small di↵erences result from
the event-averaged pole-removal procedure and could be
reduced by corrections (see Sec. II F). This provides a
crucial test of the simulations and the robustness of the
extraction procedure. Note that in extractions at ↵ 6= 1
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FIG. 8. Pole extrapolation and free nucleon cross section ex-
traction in spectator tagging. Top: Neutron cross section with
proton tagging. Bottom: Proton cross section with neutron
tagging. The data show the deuteron reduced cross sections
divided by the pole factor, Eq. (52), as functions of p2pT (p

2
nT ).

Stars and bands: MC data (generator-level). Circles: Re-
constructed with acceptance only. Squares: Full simulations
including acceptance and smearing e↵ects (these data show
the raw smearing e↵ects and have not been corrected). The
lines shows the first-degree polynomial fits used for the pole
extrapolation. The fit functions are evaluated at the pole po-
sition Eq. (41), where they give the free nucleon reduced cross
sections (denoted by the arrows).

section. One sees that the experimentally reconstructed
pole factor is a smooth function and follows the theoret-
ical function shown in Fig. 3.

C. Nucleon structure from pole extrapolation

In the third step of the analysis, we extrapolate the
deuteron cross section after pole removal to the nucleon

pole p
2
pT (p

2
nT ) ! �a

2
T , where it gives the free nucleon

cross section, see Eq. (52). Figure 8 shows the simulated
data and the extrapolation procedure for both proton and
neutron tagging. The bands show the p

2
pT (p

2
nT ) depen-

dence of the cross section after pole removal, Eq. (50),
as obtained from the MC data with acceptance e↵ects
only (no smearing). One sees that the dependence of
this quantity on p

2
T is very weak, because most of the p2T

dependence of the tagged cross section has been removed
by the pole factor (see also Fig. 3), and that the data
indicate a regular distribution around a smooth curve.
The extrapolation to negative p

2
T can therefore be per-

formed with a low-order polynomial fit. The degree of
the fitting polynomial and the choice of p

2
T range for

the fit are a matter of optimization and determine the
fit uncertainty (see Sec. V); the example in the figure is
representative and shows a first-order fit over the range
0 < p

2
T < (100 MeV/c)2. The free nucleon reduced cross

section and its uncertainty are obtained by evaluating
the fit at the pole momentum p

2
pT (p

2
nT ) = �a

2
T . Note

that the extrapolation relies essentially on the EIC far-
forward acceptance extending down to p

2
T = 0 for both

protons and neutrons; any acceptance limit p2T > 0 would
increase the extrapolation distance and uncertainty.

In Figure 8 the extrapolation is performed with the
MC data with acceptance e↵ects only. The plots also
show the distributions obtained from the full simulations,
which include the e↵ects of momentum smearing in the
cross section and the pole factor. One sees that these
distributions di↵er from the generator-level distributions
by ⇠10% in the case of proton tagging, and ⇠30% in
neutron tagging. In an actual experiment the smearing
e↵ects will be corrected by an unfolding procedure, which
is expected to eliminate most of the di↵erences. Perform-
ing the extrapolation with the original MC distributions
therefore presents a realistic picture of nucleon structure
extraction in the actual experiment.

Figure 9 shows the free neutron and proton reduced
cross sections measured via pole extrapolation, Eq. (52),
at several values of ↵p and ↵n. The reduced cross sections
are presented as functions of xn and xp, Eqs. (28) and
(34), the nucleon-level scaling variables whose values are
fixed by the spectator kinematics. The result shown here
have been corrected for artifacts resulting from the treat-
ment of the electron-nucleon sub-process kinematics in
BeAGLE, by applying the factor Eq. (54) (see Sec. III A;
this correction will not be needed in a real experiment).
An important feature of tagging is that the same value of
xn(xp) can be realized with di↵erent combinations of x
and ↵p(↵n), allowing one to measure the same physical
nucleon cross section in di↵erent settings of the exter-
nal DIS and spectator kinematics. Figure 9 shows that
the results obtained at di↵erent values of ↵p(↵n) agree
at the level of 5–10%; the small di↵erences result from
the event-averaged pole-removal procedure and could be
reduced by corrections (see Sec. II F). This provides a
crucial test of the simulations and the robustness of the
extraction procedure. Note that in extractions at ↵ 6= 1
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and results obtained from the study. The analysis follows
the steps described in Sec. II F and uses the method of
pole extrapolation. The material is the BeAGLE event
sample for electron-deuteron DIS of Sec. III B, consist-
ing of tagged proton and neutron events; the simulated
analysis applies the detector acceptance and the smear-
ing distributions representing the detector and beam ef-
fects on the spectator nucleon momentum reconstruction
of Sec. IIID. In each step we consider both proton and
neutron tagging and compare the two channels.

In the first step, we measure the tagged DIS cross sec-
tion and extract the reduced cross section by removing
the flux factor, as specified in Eqs. (48) and (49) for pro-
ton tagging and the corresponding formulas for neutron
tagging. Figure 5 shows the extracted �p (�n) -averaged
reduced cross sections �̄red,d, as functions of the spec-
tator transverse momentum p

2
pT (p2nT ). The plots show

the generator-level/MC distributions based on the BeA-
GLE events, the distributions reconstructed with accep-
tance e↵ects only, and the distributions reconstructed
with the full simulations. The example covers the kine-
matic range is 28 < Q

2
< 34 GeV2, 0.09 < x < 0.2,

and 0.99 < ↵p(↵n) < 1.01; similar results are obtained
in other ranges. Comparing the truth and acceptance-
only results in Fig. 5, one sees that the acceptances for
both proton and neutron spectators are close to 100%
in the transverse momentum range covered here. Com-
paring the acceptance-only and the full simulations, one
sees the impact of the detector and beam smearing e↵ects
on the reconstruction, typically ⇠few percent for proton
tagging and up to ⇠30% for neutron tagging. In the
case of neutron detection, the Zero-Degree Calorimeter
energy resolution is the dominant source of momentum
smearing.

B. Implementation of pole removal

In the second step of the analysis, we divide the
deuteron reduced cross section by the pole factor of the
deuteron spectral function to extract the ratio Eq. (50),
which gives access to the nucleon reduced cross section.
This “pole removal” is the most critical step of the ex-
perimental analysis and requires careful study. The pole
factor in Eq. (50) is a theoretical function that needs to
be evaluated at the experimentally reconstructed specta-
tor momentum. Because of the steep momentum depen-
dence of the reduced cross section and the pole factor, the
uncertainties in the spectator momentum reconstruction
can have a large numerical e↵ect on the result.

There are two possible approaches to implementing the
pole removal in the experimental analysis: (i) compute
the ratio Eq. (50) on an event-by-event basis, i.e., evalu-
ate the pole factor at the actual momentum of the event;
(ii) compute the ratio on an event-averaged basis, i.e.,
evaluate the pole factor at an average momentum in a
finite bin. Both have apparent advantages and disadvan-
tages. The event-by-event approach is theoretically more
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FIG. 5. The reduced cross section of deuteron DIS with pro-
ton and neutron tagging, Eq. (49), as a function of p2pT (p2nT ),
as extracted from simulated measurements at EIC. Stars and
bands: Truth distributions from BeAGLE. Circles: Distribu-
tions reconstructed with detector acceptance only. Squares:
Distributions reconstructed with full simulations.

accurate because of the steep momentum dependence of
the functions; however, in the experimental analysis the
reconstructed momenta are subject to large uncertainties
due to detector and beam e↵ects. The event-averaged
approach can be corrected statistically for detector and
beam e↵ects; however, it retains uncertainties from the
finite bin size. The trade-o↵s between these e↵ects are
generally di↵erent for proton and neutron tagging can be
explored in our simulations.
We have performed a detailed study of the two ap-

proaches to pole removal for both proton and neutron
tagging. Figure 6 compares the results of the two ap-
proaches in a typical x,Q2 and ↵ bin. The plots show
the ratio Eq. (50) extracted with the event-by-event and
average approaches, first in an analysis using the original
MC events (exact momenta), and second in an analy-
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and results obtained from the study. The analysis follows
the steps described in Sec. II F and uses the method of
pole extrapolation. The material is the BeAGLE event
sample for electron-deuteron DIS of Sec. III B, consist-
ing of tagged proton and neutron events; the simulated
analysis applies the detector acceptance and the smear-
ing distributions representing the detector and beam ef-
fects on the spectator nucleon momentum reconstruction
of Sec. IIID. In each step we consider both proton and
neutron tagging and compare the two channels.

In the first step, we measure the tagged DIS cross sec-
tion and extract the reduced cross section by removing
the flux factor, as specified in Eqs. (48) and (49) for pro-
ton tagging and the corresponding formulas for neutron
tagging. Figure 5 shows the extracted �p (�n) -averaged
reduced cross sections �̄red,d, as functions of the spec-
tator transverse momentum p

2
pT (p2nT ). The plots show

the generator-level/MC distributions based on the BeA-
GLE events, the distributions reconstructed with accep-
tance e↵ects only, and the distributions reconstructed
with the full simulations. The example covers the kine-
matic range is 28 < Q

2
< 34 GeV2, 0.09 < x < 0.2,

and 0.99 < ↵p(↵n) < 1.01; similar results are obtained
in other ranges. Comparing the truth and acceptance-
only results in Fig. 5, one sees that the acceptances for
both proton and neutron spectators are close to 100%
in the transverse momentum range covered here. Com-
paring the acceptance-only and the full simulations, one
sees the impact of the detector and beam smearing e↵ects
on the reconstruction, typically ⇠few percent for proton
tagging and up to ⇠30% for neutron tagging. In the
case of neutron detection, the Zero-Degree Calorimeter
energy resolution is the dominant source of momentum
smearing.

B. Implementation of pole removal

In the second step of the analysis, we divide the
deuteron reduced cross section by the pole factor of the
deuteron spectral function to extract the ratio Eq. (50),
which gives access to the nucleon reduced cross section.
This “pole removal” is the most critical step of the ex-
perimental analysis and requires careful study. The pole
factor in Eq. (50) is a theoretical function that needs to
be evaluated at the experimentally reconstructed specta-
tor momentum. Because of the steep momentum depen-
dence of the reduced cross section and the pole factor, the
uncertainties in the spectator momentum reconstruction
can have a large numerical e↵ect on the result.

There are two possible approaches to implementing the
pole removal in the experimental analysis: (i) compute
the ratio Eq. (50) on an event-by-event basis, i.e., evalu-
ate the pole factor at the actual momentum of the event;
(ii) compute the ratio on an event-averaged basis, i.e.,
evaluate the pole factor at an average momentum in a
finite bin. Both have apparent advantages and disadvan-
tages. The event-by-event approach is theoretically more
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FIG. 5. The reduced cross section of deuteron DIS with pro-
ton and neutron tagging, Eq. (49), as a function of p2pT (p2nT ),
as extracted from simulated measurements at EIC. Stars and
bands: Truth distributions from BeAGLE. Circles: Distribu-
tions reconstructed with detector acceptance only. Squares:
Distributions reconstructed with full simulations.

accurate because of the steep momentum dependence of
the functions; however, in the experimental analysis the
reconstructed momenta are subject to large uncertainties
due to detector and beam e↵ects. The event-averaged
approach can be corrected statistically for detector and
beam e↵ects; however, it retains uncertainties from the
finite bin size. The trade-o↵s between these e↵ects are
generally di↵erent for proton and neutron tagging can be
explored in our simulations.
We have performed a detailed study of the two ap-

proaches to pole removal for both proton and neutron
tagging. Figure 6 compares the results of the two ap-
proaches in a typical x,Q2 and ↵ bin. The plots show
the ratio Eq. (50) extracted with the event-by-event and
average approaches, first in an analysis using the original
MC events (exact momenta), and second in an analy-

Measured 
cross 
sections

Divided by 
pole factor

Jentsch, Tu, CW, PRC 104, 065205 (2021)

Tagged cross section measured 
with excellent coverage

Significant uncertainties in 
evaluation of pole factor due to  
resolution

pT

Pole factor evaluated in event-
averaged analysis (binned in ) 
to allow for correction of 
resolution effects (unfolding)

p2
T

Uncertainties analyzed, results 
validated by comparison with input

Pole extrapolation realistic for 
proton spectator, exploratory for 
neutron spectator

Final uncertainties depend on 
ability to correct for resolution



10Free nucleon: EIC simulations
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FIG. 10. Validation of nucleon structure extraction with spectator tagging in BeAGLE. The plots show the reduced neutron
(proton) cross sections �red,n(�red,p) as functions of xn(xp), extracted with two di↵erent methods (see Sec. IID). Stars: In-
tegration over spectator momentum (Method I). Circles: Pole extrapolation in spectator momentum (Method II). Here the
event-averaged approach was used in removing the pole factor (see Sec. II F).

spectator momenta ppT (pnT ) . 100 MeV/c, which corre-
spond to average nuclear configurations and account for
the bulk of the deuteron momentum distribution. The
integrated luminosity of 1 fb�1 (⇠ 108 events) is more
than su�cient for the di↵erential measurements of the
p
2
T distributions in the (x,Q2) region considered here.

The nucleon structure extraction is not limited by statis-
tics and the resulting overall uncertainties are dominated
by systematic e↵ects. The situation will be di↵erent in
future studies of nuclear modifications, which access both
larger x & 0.3 and ppT (pnT ) ⇠ 300–600 MeV/c, where
the rates are much lower.

DIS variable reconstruction. The DIS variables
x and Q

2 in tagged DIS are reconstructed in the same
way as in standard inclusive DIS. The uncertainties as-
sociated with the reconstruction have been studied ex-
tensively in inclusive DIS simulations and are described
in the Yellow Report [19]. The DIS kinematics covered
in the present study is non-exceptional, and the perfor-
mance of the standard electron method is expected to be
at the percent level.

Spectator momentum reconstruction. The re-
construction of the far-forward proton and neutron mo-
menta is a↵ected by various detector and beam ef-
fects. The present simulations include the following
e↵ects: (i) Intrinsic detector smearing (both protons
and neutrons); (ii) Deuteron beam angular divergence;
(iii) Deuteron beam momentum spread; (iv) Crab cav-
ity rotations. These e↵ects have been evaluated with the
current EIC accelerator and detector design, and their
aggregate e↵ect on the signal (before correction) is shown
in the “Full Simulation” results in Figs. 5, 6, and 8. The
contributions of the individual e↵ects can be seen in the
summary plots in Appendix B. Note that the impact of
the various e↵ects is di↵erent for protons and neutrons:
the dominant e↵ect for protons comes from the angular
divergence of the deuteron beam (ii), while the neutron
su↵ers mostly from the energy resolution of the Zero-
Degree Calorimeter (i).

Several other e↵ects can influence the far-forward nu-
cleon detection but have not yet been included in the sim-
ulations: (v) Beam pipe design; (vi) Non-linear transport
matrix. These e↵ects can be included as the technical de-
sign or specification of these elements becomes available.

Validation of pole extrapolation results by comparison with input model

Jentsch, Tu, CW, PRC 104, 065205 (2021)



11Bound nucleon: Tagged EMC effect

Basic assumption: Initial-state modification proportional to 4-dim virtuality  
of active nucleon = function of spectator momentum in tagged DIS

p2
n − m2 = (pd − pp)2 − m2 = 𝖿𝗎𝗇𝖼𝗍𝗂𝗈𝗇(αp, ppT) ≡ V(αp, ppT)

F2n(x, Q2; αp, ppT)[𝖻𝗈𝗎𝗇𝖽] = [1 +
V(αp, ppT)

⟨V⟩
f(x)] F2n(x, Q2)[𝖿𝗋𝖾𝖾]

[same for ]p ↔ n

Model parameters fixed by inclusive EMC effect data ( ) 
and “average virtuality”  from nuclear structure calculations

0.3 < x < 0.7
⟨V⟩A

[Frankfurt, Strikman 1988]

[Ciofi degli Atti, Frankfurt, Kaptari, Strikman 2007]

Minimal model. Includes possibility that EMC effect generated by SRCs,  
but not limited to it. Alternative to GCF

Challenge: Separate initial-state modifications from final-state interactions 
in tagged DIS measurements



12Bound nucleon: EIC simulations
Results - 1

• BeAGLE simulation 1B events ~ 25 fb-1, ed 5x41 GeV
• The EMC effect in bins of ⍺p = 1 and ⍺p = 1.2 

At the MC level:
What’s plotted:
Ø Relative EMC effect at fixed bins of xbj, Q2

Ø Compare ⍺p = 1 and ⍺p = 1.2 
Ø No Final-State Interaction.
Observations:
Ø Self-consistent at pT2 = 0 for ⍺p = 1 
Ø Linear dependence is consistent with input 

parametrization.
Messages:
Ø For high pT2, the measurement is sensitive to the 

EMC effect. 
Ø Different ⍺p suppression is expected.
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Statistical errors visible: Large , 
exceptional configurations in deuteron

x

Here: Physics model does not include FSI. 
Need strategy that accounts for FSI

Jentsch, Strikman, Tu, CW, DIS2022



13Bound nucleon: EIC simulations

Ratio observables can reduce/minimize 
FSI effects

 
σ𝗋𝖾𝖽(x = 0.5; αp, ppT)
σ𝗋𝖾𝖽(x = 0.2; αp, ppT)

relative reduction 
from EMC effect

Statistical uncertainties visible

Results - 2
• BeAGLE simulation 1B events ~ 25 fb-1, ed 5x41 GeV
• Reduced cross section ratio between xbj = 0.2 and xbj = 0.5
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At the MC level:

Ø With and without EMC effect can be 
separated.

Ø No Final-State Interaction.

Ø With fixed '$ , virtuality is proportional to 
spectator pT2

Ø Self-consistent at pT2 = 0 for ⍺p = 1 
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Shows some power to verify virtuality 
dependence, needs to be optimized

Jentsch, Strikman, Tu, CW, DIS2022



14Extensions: Tagging with EIC

Azimuthal angle-dependent structures in spectator tagging 
Unpolarized:  
Polarized electron: , T-odd response function  FSI 
Far-forward detection not -symmetric due to crossing angle, beam profile, crab rotation

cos ϕp, cos 2ϕp
ALU ∼ sin ϕp ∝

ϕp

Frankfurt, Strikman 1983. Cosyn, CW, 2018/2019

Tagged DIS at small : Diffractive scattering, nuclear shadowing, 
interplay with coherent nuclear scattering

x

Guzey, Strikman, CW, in progress

Tagged DIS with polarized deuteron: Vector and tensor polarization

Tagged DIS with : Theory much more complex IA + FSIA > 2

Tagging in exclusive processes on nucleon, e.g. deeply-virtual Compton scattering DVCS

3He: Friscic et al 2021

Spectator nucleon tagging + semi-inclusive  in current fragmentation: Flavor separation, FSIπ/K
Recent discussions



15Extensions: Far-forward detector development

Refine momentum reconstruction with Off-momentum Detectors and Roman Pots 
to better account for longitudinal momentum dependence

On-going/planned detector developments that would improve spectator tagging capabilities:

Study possibilities for improving ZDC design energy and and angular resolution 
to improve neutron resolution to level comparable to protons



16Summary

• EIC will enable program of spectator tagging experiments with deuteron
Unique physics: Free nucleon, nuclear modifications, diffraction/shadowing

Driving far-forward detector development

• Free nucleon structure from on-shell extrapolation

Spectator momentum resolution is main limiting factor

Proton tagging:  res limited by beam divergence, pole extrapolation accuracy  few %ppT ∼

Neutron tagging:  and  resolution limited by ZDCpnT αn

• Bound nucleon structure / tagged EMC effect

Statistics becomes limiting factor at large  and large spectator momentax

Challenge to separate initial-state modifications from FSI — observables, analysis?

•Many opportunities for collaborating in theory, simulations, development



Supplementary material



18EIC: Longitudinal momentum resolution
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Longitudinal momentum resolution for protons with EIC far-forward detector
Summary using all subsystems [Prepared by A. Jentsch]


