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Spectator-tagged deep inelastic scattering
𝑑 𝑒, 𝑒!𝑝"

• Bound neutron structure modification
• LAD will detect spectator protons   

200–700 MeV/c
• Approved by PAC 38, for 40 days
• Passed ERR in 2020

1



Tiny subset of recent theory/phenom, 2019 – present
• E. P. Segarra et al., arXiv:2104.07130 (2021)

• C. Cocuzza et al., arXiv:2104.06946 (2021)

• J. Rittenhouse-West, arXiv:2009.06968  (2021)

• E. P. Segarra et al., PRR 3 (2021)

• H. Szumila-Vance et al., PRC 103 (2021)

• W. Detmold et al., PRL 126 (2020)

• X. G. Wang et al., PRL 125 (2020)

• S. Fucini et al., PRD 101 (2020)

• E. P. Segarra et al., PRL 124 (2020)

• J. E. Lynn et al., JPG 47 (2020)

• J. Arrington, N. Fomin, PRL 123 (2019)

• I.C. Cloët et al., JPG 46 (2019)

• B. Schmookler et al., Nature 566 (2019)

Interest in the EMC Effect and on the 
SRC-EMC hypothesis has burgeoned.
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SRCs affect our extraction of free neutron structure.

3

We parametrized the UMF for all nuclei as

funiv ¼ αþ βxB þ γeδð1−xBÞ ð4Þ

and estimated its parameters (α, β, γ, and δ) using
HMCMC-based inference from FA

2=F
d
2 data [14,32,33]

for 0.08 ≤ xB ≤ 0.95 in 3He, 4He, 9Be, 12C, 27Al, 56Fe,
197Au, and 208Pb, via Eq. (2). Here, and throughout this
work, we consistently removed all isoscalar corrections
previously applied to asymmetric nuclei data. We assumed
ðnASRC=A=ndSRC=2Þ ¼ a2ðA=dÞ, the average per-nucleon
cross section ratio for quasielastic electron scattering
in nucleus A relative to deuterium at 1.5 < xB < 2
[12,14,34–37]. Fp

2=F
d
2 is taken from Table 2 of

Ref. [38]. As consistent parameterizations of Fp
2=F

d
2 as a

function of xB are needed for the UMF extraction, we
parametrized it as Fp

2=F
d
2 ¼ αd þ βdxB þ γdeδdð1−xBÞ. We

determine all parameters, including those of the UMF and
Fp
2=F

d
2 simultaneously from data as part of the nuclear-DIS

analysis. See the online Supplemental Material [27] for
details on the inference procedure, posterior distributions of
the parameters, and discussion of the kinematical coverage
of the fitted data.
The nuclear-DIS analysis reproduced all the FA

2=F
d
2 data

over the entire measured xB range, see online Supplemental
Material [27], Fig. 1. The resulting global UMF (red band
in Fig. 1) extends up to xB ∼ 0.95 and agrees well with the
individual nuclear UMFs extracted in Ref. [14].
Fn
2=F

p
2 extraction.—Using Eq. (1) to model nuclear

effects in Fd
2 we express Fn

2=F
p
2 as

Fn
2

Fp
2

¼ 1 − funiv
Fp
2=F

d
2

− 1: ð5Þ

We extract Fn
2=F

p
2 using funiv and Fp

2=F
d
2 determined by

our nuclear-DIS analysis discussed above (see Fig. 2). Our
results are consistent with the experimental extraction using
tagged dðe; e0pSÞ DIS measurements on the deuteron [39].
Fn
2=F

p
2 decreases steadily for 0.2 ≤ xB < 0.6, and becomes

approximately constant starting at xB ≈ 0.6. The xB → 1
limit of Fn

2=F
p
2 equals 0.47% 0.04.

Removing low-W DIS data (W <
ffiffiffi
2

p
GeV) from our

analysis limits our extraction to xB ∼ 0.8 but does not
change its conclusions since Fn

2=F
p
2 still saturates starting

at xB ≈ 0.6. The hatched region of the blue band in Fig. 2
corresponds to our model extraction using the low-W DIS
data to reach up to xB ∼ 0.95. Similarly, we verified that
evolving Fp

2=F
d
2 from Q2

0 ¼ 12 GeV2 to Q2 ¼ 5 GeV2

does not significantly change our extraction up to
xB ∼ 0.8. See the online Supplemental Material [27] for
details, which includes Refs. [41,42].
Our nuclear-DIS analysis gives significantly larger

values of Fn
2=F

p
2 than several previous extractions which

do not use A > 2 nuclear-DIS data, including (i) CTEQ

global analysis (CT14) [4], which uses W (>3.5 GeV) and
Q2 (>2 GeV2) DIS data for A ≤ 2 (with no corrections
for any nuclear effects in the deuteron) combined with
various other reactions such as jet production and W%; Z
production; (ii) CTEQ-JLab global analysis (CJ15) [5],
which uses A≤2 DIS data with looser cuts of W>1.7GeV
and Q2 > 1.3 GeV2, together with recently published
W%-boson charge asymmetries from D0 [43] and addi-
tional corrections for deuterium off-shell, higher-twist, and
target-mass effects; and (iii) Arrington et al. [6], which
includes only A ≤ 2 DIS data with only corrections for
Fermi motion and binding (see Fig. 2).
CT14 and CJ15 extracted parton distribution functions

rather than nucleon structure functions. In order to compare
their results with our Fn

2=F
p
2 extraction, we constructed

the corresponding nucleon structure functions from their
individual parton distribution functions, accounting for
valence region corrections (higher twist, target mass)
according to Refs. [5,44]. These corrections largely cancel
in the Fn

2=F
p
2 ratio.

The comparison with CJ15 is particularly interesting as
that extraction of dðxBÞ is predominantly constrained by the
D0 W% boson asymmetry data [5,43], corresponding to
Q2 ¼ m2

W . This may indicate a tension between our lowQ2

results and results of the CJ15 analysis of the D0 dataset
at xB ≥ 0.6.
We find that the xB→1 limit of Fn

2=F
p
2 equals 0.47%0.04

for our nuclear-DIS extraction. Our results agree with

FIG. 2. Neutron-to-proton structure function ratio Fn
2=F

p
2 . Data

points show the dðe; e0pSÞ tagged-DIS measurement [39]. Our
predictions (blue band labeled “nuclear-DIS,” including a 68%
confidence interval) are compared with those of CT14 [4] (red
band), CJ15 [5] (green band), and Arrington et al. [6] (yellow
band), which treat nuclear effects in deuterium DIS data differ-
ently (see text for details). The labels show Fn

2=F
p
2 predictions

at xB ¼ 1, such as SU(6) symmetry [40], perturbative QCD
(PQCD) [3], Dyson-Schwinger equation (DSE) [2], and scalar
diquark models [7,8]. All predictions are obtained within the
parton model framework [28] and all extractions were consis-
tently evolved to the same value ofQ2 based on the kinematics of
the MARATHON experiment [9], i.e., Q2 ¼ ð14 GeV2Þ × xB.

PHYSICAL REVIEW LETTERS 124, 092002 (2020)

092002-3

E. P. Segarra et al., PRL 124 (2020)
𝑥#

MARATHON Collaboration, arXiv:2104.05850 (2021)
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FIG. 3. Ratio of o↵-shell to on-shell PDFs �q/q (left) and
the di↵erence between proton valence quarks in 3He and 3H
normalized to the sum, �q

3
(right), for valence u (red bands)

and d (blue bands) quarks, at Q2 = 10 GeV2.

o↵-shell e↵ects are set equal, in our analysis we allow
flavor dependence of the e↵ects to be determined from
the global fit. Indeed, we find that while the �u/u ratio
is consistent with zero, for the d quark the �d/d ratio is
strongly enhanced at large values of x.

An even more direct way of quantifying this e↵ect is
to compare the PDFs in the proton bound in 3He and in
3H, defining the quantity

�q
3 ⌘

qp/3H � qp/3He

qp/3H + qp/3He
, (11)

which measures the strength of the isovector EMC e↵ect
for q = u and d quarks. Since 3He and 3H are mirror nu-
clei, the ratio �q

3 would vanish if the nuclear corrections
were purely isoscalar. Instead, the behavior in Fig. 3 in-
dicates clear deviations from zero at x & 0.4 in �u

3 and
even more so in�d

3. The fact that the�
q
3 are nonzero and

of opposite sign for u and d quarks strongly suggests the
presence of an isovector component to the EMC e↵ect.

Outlook — Our findings are the first indication
of an isovector e↵ect in nuclear structure func-
tions, and demonstrate the power of combining the
MARATHON 3He/3H data with a global QCD analysis
to provide unique information on PDFs at large x and
simultaneously on nuclear e↵ects in A = 2 and A = 3
nuclei. Additional information on the nuclear EMC ef-
fects in 3He and 3H separately will come from 3He/D
and 3H/D ratios measured by MARATHON, which are ex-
pected to be analyzed in the near future.

Beyond this, constraints on neutron structure, and the
d/u PDF ratio at large x, will come from the BONuS ex-
periment at Je↵erson Lab, which tags spectator protons
in semi-inclusive DIS from the deuteron. Future data on
DIS from asymmetric nuclei may also provide further in-
formation on the isospin dependence of nuclear e↵ects on
structure functions.
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Temple University (C.C.). The work of A.W.T. was sup-
ported by the University of Adelaide and by the Aus-
tralian Research Council through the Discovery Project
DP180100497.
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At JLab:
• Bonus
• ALERT
• TDIS @ SBS
• BAND

EIC:
• I. Friscic et al., arXiv:2106.08805
• Z. Tu et al., PLB 811 (2020) 135877
• Cosyn, Weiss, PLB 799 (2019) 135035
• Strikman, Weiss, PRC 97 (2018) 035209

Tagging is become an important technique, 
and will be a major part of the EIC.

I. Friscic et al., arXiv:2106.08805

3He 𝑒, 𝑒!𝑝𝑝 𝑛

Low-momentum 
recoils
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LAD will cover kinematics where FSI are small 
and where FSI are large.

A. V. Klimenko et al., PRC 73, 035212 (2006)

Data = PWIA Large FSI

𝜃$" > 110˚ 𝜃$" ≈ 90˚

𝑞⃗

Large FSI
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Theory support for LAD is strong.

• New calculations of FSI in tagged DIS
• W. Cosyn, M. Sargsian, “Nuclear final-state interactions in deep inelastic 

scattering off the lightest nuclei,” Int.J.Mod.Phys.E 26, 1730004 (2017)
• M. Strikman, C. Weiss, “Electron-deuteron deep-inelastic scattering with 

spectator nucleon tagging and final-state interactions at intermediate x,” 
Phys. Rev. C 97 035209 (2018)

• JLAB LDRD: “Spectator Tagging Project”

• 3rd workshop on quantitative challenges in EMC and SRC Research
• https://indico.jlab.org/event/428/overview
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Extensive preparatory work completed for the ERR
continued…• Refurbishment of scintillator panels
• Detector supports fabricated
• Cable tray and patch panel design.
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Scattering Chamber

BEAM	LAD

124°
15.0	High	
Existing	
Window
LAD

24.5°
SHMS
Side

58°
HMS
Side

82.5°
Window
8.0	High

33°

Original
Beam

30°
Chamber	
Rotation

23°

157°

Current
Beam	In	(Spring	2018)

Existing	Upstream
Beam	Pipe	Spool	Piece
(Shown	in	current	assembled	
position)

New	Upstream	Beam	
Pipe	Section
Pipe	1.50	OD	x	1.375	ID
Modified	NW160	Flange	Blank-
304	SS,	 Standard	CF	2.75	
Flange	- 304	SS

Copper	Seal

Standard	Centering	Ring/O-
ring	Seals

Upstream	Beam	Pipe	/	Chamber	Interface
New	Upstream	Beam	Pipe	Section	will	interface	between	the	
Upstream	Beam	Pipe	and	the	larger	existing	Target	Chamber	

viewport	opening	

Extensive preparatory work completed for the ERR
continued…
• Laser Calibration System
• GEM detectors
• Target cell design
• Scattering chamber design
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A new generation of young people is 
enthusiastic about LAD.

Axel Schmidt
(me)

Sara Ratliff

Holly Szumila-Vance

Tyler Kutz

Dien Nguyen

Florian Hauenstein
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The physics case has become stronger and the 
need for the LAD experiment has increased.
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FIG. 3. Ratio of o↵-shell to on-shell PDFs �q/q (left) and
the di↵erence between proton valence quarks in 3He and 3H
normalized to the sum, �q

3
(right), for valence u (red bands)

and d (blue bands) quarks, at Q2 = 10 GeV2.

o↵-shell e↵ects are set equal, in our analysis we allow
flavor dependence of the e↵ects to be determined from
the global fit. Indeed, we find that while the �u/u ratio
is consistent with zero, for the d quark the �d/d ratio is
strongly enhanced at large values of x.

An even more direct way of quantifying this e↵ect is
to compare the PDFs in the proton bound in 3He and in
3H, defining the quantity

�q
3 ⌘

qp/3H � qp/3He

qp/3H + qp/3He
, (11)

which measures the strength of the isovector EMC e↵ect
for q = u and d quarks. Since 3He and 3H are mirror nu-
clei, the ratio �q

3 would vanish if the nuclear corrections
were purely isoscalar. Instead, the behavior in Fig. 3 in-
dicates clear deviations from zero at x & 0.4 in �u

3 and
even more so in�d

3. The fact that the�
q
3 are nonzero and

of opposite sign for u and d quarks strongly suggests the
presence of an isovector component to the EMC e↵ect.

Outlook — Our findings are the first indication
of an isovector e↵ect in nuclear structure func-
tions, and demonstrate the power of combining the
MARATHON 3He/3H data with a global QCD analysis
to provide unique information on PDFs at large x and
simultaneously on nuclear e↵ects in A = 2 and A = 3
nuclei. Additional information on the nuclear EMC ef-
fects in 3He and 3H separately will come from 3He/D
and 3H/D ratios measured by MARATHON, which are ex-
pected to be analyzed in the near future.

Beyond this, constraints on neutron structure, and the
d/u PDF ratio at large x, will come from the BONuS ex-
periment at Je↵erson Lab, which tags spectator protons
in semi-inclusive DIS from the deuteron. Future data on
DIS from asymmetric nuclei may also provide further in-
formation on the isospin dependence of nuclear e↵ects on
structure functions.
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tralian Research Council through the Discovery Project
DP180100497.
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We parametrized the UMF for all nuclei as

funiv ¼ αþ βxB þ γeδð1−xBÞ ð4Þ

and estimated its parameters (α, β, γ, and δ) using
HMCMC-based inference from FA

2=F
d
2 data [14,32,33]

for 0.08 ≤ xB ≤ 0.95 in 3He, 4He, 9Be, 12C, 27Al, 56Fe,
197Au, and 208Pb, via Eq. (2). Here, and throughout this
work, we consistently removed all isoscalar corrections
previously applied to asymmetric nuclei data. We assumed
ðnASRC=A=ndSRC=2Þ ¼ a2ðA=dÞ, the average per-nucleon
cross section ratio for quasielastic electron scattering
in nucleus A relative to deuterium at 1.5 < xB < 2
[12,14,34–37]. Fp

2=F
d
2 is taken from Table 2 of

Ref. [38]. As consistent parameterizations of Fp
2=F

d
2 as a

function of xB are needed for the UMF extraction, we
parametrized it as Fp

2=F
d
2 ¼ αd þ βdxB þ γdeδdð1−xBÞ. We

determine all parameters, including those of the UMF and
Fp
2=F

d
2 simultaneously from data as part of the nuclear-DIS

analysis. See the online Supplemental Material [27] for
details on the inference procedure, posterior distributions of
the parameters, and discussion of the kinematical coverage
of the fitted data.
The nuclear-DIS analysis reproduced all the FA

2=F
d
2 data

over the entire measured xB range, see online Supplemental
Material [27], Fig. 1. The resulting global UMF (red band
in Fig. 1) extends up to xB ∼ 0.95 and agrees well with the
individual nuclear UMFs extracted in Ref. [14].
Fn
2=F

p
2 extraction.—Using Eq. (1) to model nuclear

effects in Fd
2 we express Fn

2=F
p
2 as

Fn
2

Fp
2

¼ 1 − funiv
Fp
2=F

d
2

− 1: ð5Þ

We extract Fn
2=F

p
2 using funiv and Fp

2=F
d
2 determined by

our nuclear-DIS analysis discussed above (see Fig. 2). Our
results are consistent with the experimental extraction using
tagged dðe; e0pSÞ DIS measurements on the deuteron [39].
Fn
2=F

p
2 decreases steadily for 0.2 ≤ xB < 0.6, and becomes

approximately constant starting at xB ≈ 0.6. The xB → 1
limit of Fn

2=F
p
2 equals 0.47% 0.04.

Removing low-W DIS data (W <
ffiffiffi
2

p
GeV) from our

analysis limits our extraction to xB ∼ 0.8 but does not
change its conclusions since Fn

2=F
p
2 still saturates starting

at xB ≈ 0.6. The hatched region of the blue band in Fig. 2
corresponds to our model extraction using the low-W DIS
data to reach up to xB ∼ 0.95. Similarly, we verified that
evolving Fp

2=F
d
2 from Q2

0 ¼ 12 GeV2 to Q2 ¼ 5 GeV2

does not significantly change our extraction up to
xB ∼ 0.8. See the online Supplemental Material [27] for
details, which includes Refs. [41,42].
Our nuclear-DIS analysis gives significantly larger

values of Fn
2=F

p
2 than several previous extractions which

do not use A > 2 nuclear-DIS data, including (i) CTEQ

global analysis (CT14) [4], which uses W (>3.5 GeV) and
Q2 (>2 GeV2) DIS data for A ≤ 2 (with no corrections
for any nuclear effects in the deuteron) combined with
various other reactions such as jet production and W%; Z
production; (ii) CTEQ-JLab global analysis (CJ15) [5],
which uses A≤2 DIS data with looser cuts of W>1.7GeV
and Q2 > 1.3 GeV2, together with recently published
W%-boson charge asymmetries from D0 [43] and addi-
tional corrections for deuterium off-shell, higher-twist, and
target-mass effects; and (iii) Arrington et al. [6], which
includes only A ≤ 2 DIS data with only corrections for
Fermi motion and binding (see Fig. 2).
CT14 and CJ15 extracted parton distribution functions

rather than nucleon structure functions. In order to compare
their results with our Fn

2=F
p
2 extraction, we constructed

the corresponding nucleon structure functions from their
individual parton distribution functions, accounting for
valence region corrections (higher twist, target mass)
according to Refs. [5,44]. These corrections largely cancel
in the Fn

2=F
p
2 ratio.

The comparison with CJ15 is particularly interesting as
that extraction of dðxBÞ is predominantly constrained by the
D0 W% boson asymmetry data [5,43], corresponding to
Q2 ¼ m2

W . This may indicate a tension between our lowQ2

results and results of the CJ15 analysis of the D0 dataset
at xB ≥ 0.6.
We find that the xB→1 limit of Fn

2=F
p
2 equals 0.47%0.04

for our nuclear-DIS extraction. Our results agree with

FIG. 2. Neutron-to-proton structure function ratio Fn
2=F

p
2 . Data

points show the dðe; e0pSÞ tagged-DIS measurement [39]. Our
predictions (blue band labeled “nuclear-DIS,” including a 68%
confidence interval) are compared with those of CT14 [4] (red
band), CJ15 [5] (green band), and Arrington et al. [6] (yellow
band), which treat nuclear effects in deuterium DIS data differ-
ently (see text for details). The labels show Fn

2=F
p
2 predictions

at xB ¼ 1, such as SU(6) symmetry [40], perturbative QCD
(PQCD) [3], Dyson-Schwinger equation (DSE) [2], and scalar
diquark models [7,8]. All predictions are obtained within the
parton model framework [28] and all extractions were consis-
tently evolved to the same value ofQ2 based on the kinematics of
the MARATHON experiment [9], i.e., Q2 ¼ ð14 GeV2Þ × xB.
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