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Anti-Shadowing in Inclusive DIS

Anti-shadowing 
data/measurements from 
unseparated cross 
sections
à Can we improve
precision/reach for sA/sD?
à Is it the same  for sT

and sL?
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Inclusive Ratios
Anti-shadowing small effect (~few %) à normalization uncertainties crucial
à At JLab, normalization uncertainties for A/D ratios typically ~1.5%
à Could be improved with extra effort (improved solid target thickness measurements, etc.), but difficult to 

overcome uncertainty in cryotarget thickness

NMC measurements achieved ultimate precision to-date
à A/D: Normalization uncertainty = 0.4%
à C/D: Normalization uncertainty = 0.2%



4

Nuclear Dependence of R?

RA-RD = -2E-4 +/- 0.02

RA-RD = -0.03 +/- 0.02

Few direct measurements of RA-RD
at any x, much less in anti-
shadowing region

E140 made measurements from Fe 
and Au at x=0.2, 0.35 0.5
àOriginal results consistent with no 

nuclear dependence
àWhen re-analyzed to include 

Coulomb Corrections, some hint 
of non-zero RA-RD
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Nuclear Dependence of R at large x
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Combined analysis of E140, E139, and JLab Hall C data suggests non-zero RA-RD at x=0.5
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Other Hints of non-zero RA-RD
NMC results for RSn-RC systematically larger than zero

RSn – RC = 0.040 +/- 0.026 (stat) +/- 0.020 (sys)

àAveraged over x=0.0125 – 0.45
à<Q2> = 10 GeV2

What are the consequences for A/D 
ratios for F1 and F2 if this is true?

VADIM GUZEY et al. PHYSICAL REVIEW C 86, 045201 (2012)

TABLE I. An overview of the measurements of the nuclear
dependence of R discussed in this paper.

Experiment and Kinematics Beam energy
observables

SLAC E140 [20] 0.2 ! x ! 0.5 3.7 ! E ! 15 GeV,
RFe,Au − RD 1 ! Q2 ! 10 GeV2 up to five energies

NMC (1992) [25] 0.0085 ! x ! 0.15 E = 90 and 200 GeV,
RCa − RC 1 ! Q2 ! 15 GeV2 two energies

HERMES [11] 0.01 < x < 0.8 E = 27.5 GeV
R

3He,Ne/RD 0.2 < Q2 < 3 GeV2 single energy

NMC (1996) [26] 0.0125 ! x ! 0.45 E = 120, 200, 280
RSn − RC 3.3 ! Q2 ! 35 GeV2 GeV, three energies

Rosenbluth separation that took advantage of three different
incident muon energies (120, 200, and 280 GeV).

For convenience, we present in Table I a brief overview
(covered kinematics in Bjorken x and Q2 and energy settings)
of the discussed measurements of the nuclear dependence of
R (involving nuclei heavier than deuterium).

The results of the NMC measurement of RSn − RC as a
function of Bjorken x [26] are presented as full squares in
Fig. 3. For completeness, we also show the NMC result for
the average RCa − RC [25] as an upward-pointing triangle,
the SLAC E140 result for the average RAu − RFe [27] as a
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FIG. 3. (Color online) RSn − RC as a function of x. Full squares
are results of the NMC measurement with the statistical and
systematic errors added in quadrature [26]; the long-dash and dotted
curves correspond to RSn − RC = 0.04 and RSn − RC = 0.3RN ,
respectively; the curves labeled “EPS09,” “HNK07,” and “nDS”
correspond to predictions using different nuclear parton distributions.
Also shown are the NMC result for RCa − RC [25] (upward triangle),
the SLAC result for RAu − RFe [27] (downward triangle), and SLAC
E140 results for RFe − RD as a function of x [20] (open circles).

downward-pointing triangle, and the SLAC E140 results for
RFe − RD as a function of x [20] as open circles. (For the latter,
we showed only the data points for the 6% radiation length iron
target and shifted them in x for better visibility.) The long-dash
and dotted curves correspond to RSn − RC = 0.04 and RSn −
RC = 0.3RN , respectively. As one can see from the figure,
both curves provide a good description of the measured values
of RSn − RC . Finally, the curves labeled “EPS09,” “HNK07,”
and “nDS” correspond to the direct calculation of RSn − RC

using different parametrizations of leading twist nuclear parton
distribution functions (PDFs) (see the discussion in Sec. IV).
Note that we have singled out the NMC Sn/C data [26] because
the extraction of RA − RD was done using a method closely
related to the Rosenbluth separation and because the covered
kinematics (the values of x, Q2, and ε) broadly overlaps with
that of the BCDMS, EMC, and NMC data on σA/σD that we
analyze in this paper.

In summary, as a global average, while R seems to show
little nuclear dependence within relatively large experimental
uncertainties, there exist hints of nontrivial nuclear dependence
of R. In particular, #R = RA − RD may be statistically
different from zero in some kinematics.

C. Impact of nuclear dependence of R on nucleus to deuteron
structure function ratios

As we explained in Sec. II B, if there is a nontrivial nuclear
dependence of R, the σA/σD cross section ratio is not equal to
the FA

1 /FD
1 or FA

2 /FD
2 structure ratios. In particular, a positive

RA − RD will lead to FA
1 /FD

1 < σA/σD < FA
2 /FD

2 . Since the
nuclear dependence of R has not as yet been systematically
measured, we shall test two assumptions for #R that are moti-
vated purely by the NMC Sn/C data [26], which has kinematic
coverage similar to that of the BCDMS, EMC and NMC mea-
surements. In our analysis below we assume the following:

(1) (Absolute) #R = RA − RD = 0.04. This is based on the
NMC measurement of RSn − RC at an average 〈Q2〉 = 10
GeV2.

(2) (Relative) (RA − RD)/RN = 30%, which is possible in
view of the fact that the NMC Sn/C data allow for the
22%–120% relative deviation of #R/RN .

Note that we effectively assumed that RA − RD ≈ RSn −
RC , which corresponds to the lower limit for #R.

The impact of our assumptions for #R on selected nuclear
DIS data is presented in Figs. 4 and 5. Note that we truncated
the used data sets by neglecting low x and high x data points
and focusing on the antishadowing region.

The BCDMS Fe/D [6], EMC Cu/D [8], and NMC Ca/D
[10] data presented in Fig. 4 correspond to ε close to unity.
Therefore, regardless of the assumption for #R, one expects
that FA

2 /FD
2 ≈ σA/σD with a very good accuracy. On the

other hand, FA
1 /FD

1 is clearly smaller than σA/σD . Thus,
the few percent enhancement of σA/σD in the antishadowing
region may be reduced or removed altogether for the ratio of
the transverse structure functions FA

1 /FD
1 .

For the SLAC E139 [7] and E140 [20] Fe/D data presented
in Fig. 5, the values of Q2 are rather small [see Fig. 2(c)] and
our assumptions for the nuclear dependence of R motivated

045201-4
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Consequences of RA-RD >0 

V. Guzey et al, PRC 86 045201 (2012)

F1 ratio purely transverse

Anti-shadowing disappears for F1
ratio, remains for F2

Anti-shadowing from longitudinal 
photons?

IMPACT OF NUCLEAR DEPENDENCE OF . . . PHYSICAL REVIEW C 86, 045201 (2012)
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FIG. 4. (Color online) The impact of the nontrivial nuclear depen-
dence of R on the structure function ratios around the antishadowing
region for (a) EMC Cu/D [8], (b) BCDMS Fe/D [6], and (c) NMC
Ca/D [10] data. The values of ε are close to unity.

by the NMC Sn/C measurement at higher Q2 require a
significant extrapolation in Q2. However, for the lack of better
input, in our analysis of the SLAC data we adopt the same
assumptions for "R as those used above. Since the values
of ε for these two data sets are not close to unity [see
Fig. 2(a)], "R > 0 leads to noticeable differences between
the ratio of the structure functions and the ratio of the cross
sections according to the trend described by Eqs. (6) and (7):
FA

1 /FD
1 < σA/σD < FA

2 /FD
2 .

In summary, the assumed nontrivial nuclear dependence
of R leads to a decrease or to a complete disappearance (in
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FIG. 5. (Color online) The impact of the nontrivial nuclear depen-
dence of R on the structure function ratios around the antishadowing
region for SLAC (a) E139 [7], and (b) E140 [20] Fe/D data.

some case) of enhancement of the FA
1 /FD

1 structure function
ratio in the 0.1 < x < 0.3 region. If confirmed by future
experiments, this observation would indicate that the effect of
antishadowing in σA is predominantly due to the contribution
of the longitudinal structure function FA

L , instead of FA
1 as

implicitly assumed in most phenomenological analyses.

III. EXPERIMENTAL LIMITS ON DETERMINING
RA − RD

Thus far we have examined the impact of a nuclear
dependence of R on the extraction of the nuclear-dependent
structure function ratios FA

1 /FD
1 and FA

2 /FD
2 from cross

section ratios. The logical question then becomes “What is
the limit on the experimental precision for RA − RD?” In
this section we shall explore this question within the context
of the precision likely to be available for the dedicated
longitudinal/transverse (L/T) separation measurements over
the next decade or two. For guidance we shall refer to the
highest precision experiments performed at SLAC [7,20,23]
and JLab [21,28]. These experiments have shown that reducing
the σA/σD cross section ratio uncertainties, point to point in
ε, below 1% is experimentally challenging, yet obtainable.
For instance, the point-to-point uncertainties from JLab exper-
iment E94110 [28] on cryogenic hydrogen have been estimated
at about 1.5%, which was found to be consistent with the width
of the distribution of residuals determined from the linear fits.

045201-5
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E12-14-002 – Hall C @ 11 GeV
15
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Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
Ebeam =  8.8
Ebeam =  7.7
Ebeam =  6.6
Ebeam =  5.5
Ebeam =  4.4

Proposed Experiment
H, D, C, Cu, Au

Ebeam =  11 GeV
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FIG. 14: Top: Proposed central kinematics shown in black stars together with the coverage given by the momentum acceptance
of the Hall C spectrometers HMS and SHMS indicated by empty circles on a Q2 vs x grid. The angular acceptance of the
spectrometers is not shown here as we plan to extract the cross sections at fixed central angle by averaging over the angular
acceptance after kinematic corrections. The solid and dotted curves indicate the W 2 coverage our focus being roughly on
the region of W 2 from 3 to 10 GeV2. Bottom: Our proposed central kinematic coverage compared to that of the SLAC
experiments E140 [2] and E140x [6]. The statistical uncertainty for the SLAC experiments varies between 0.6% and 2.2% while
we aim to achieve a statistical precision of 0.2% to 0.5% along with an expanded kinematic sensitivity to study any x and/or
Q2 dependence separately.
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FIG. 14: Top: Proposed central kinematics shown in black stars together with the coverage given by the momentum acceptance
of the Hall C spectrometers HMS and SHMS indicated by empty circles on a Q2 vs x grid. The angular acceptance of the
spectrometers is not shown here as we plan to extract the cross sections at fixed central angle by averaging over the angular
acceptance after kinematic corrections. The solid and dotted curves indicate the W 2 coverage our focus being roughly on
the region of W 2 from 3 to 10 GeV2. Bottom: Our proposed central kinematic coverage compared to that of the SLAC
experiments E140 [2] and E140x [6]. The statistical uncertainty for the SLAC experiments varies between 0.6% and 2.2% while
we aim to achieve a statistical precision of 0.2% to 0.5% along with an expanded kinematic sensitivity to study any x and/or
Q2 dependence separately.

Precision Measurements and Studies of a Possible Nuclear Dependence of R
Spokespersons: S. Malace, E. Christy, DG, C. Keppel, H. Szumila-Vance

Measure RA-RD for C, Cu, Au for x=0.1-0.6
à Significant overlap with E140, but more x/Q2 settings
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E12-14-002 – Hall C @ 11 GeV 31
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FIG. 27: Projected systematic uncertainties (empty red circles) in the RCu � RD extraction at all the proposed central
kinematics. Existing true Rosenbluth LT separations in DIS from SLAC E140 are displayed in black symbols. Additionally
an extraction of RFe � RD and its uncertainty by Solvignon and collaborators [13] from re-analyzed SLAC E140 data to
include Coulomb corrections is represented by the cyan band. For our simulated separations the model of P.E. Bosted and V.
Mamyan [28] has been used as input. The data points from SLAC shown at x = 0.4 were in fact measured at x = 0.35.

the extraction of RCu�RD at all proposed central kinematics as a function of x together with the E140 measurements
on iron and gold. It can be seen that our projected uncertainties are comparable or better than those of the few
measurements from SLAC with significantly expanded kinematic coverage. We will map the antishadowing region
and part of the EMC e↵ect region in great detail in both x and Q2 with unprecedented accuracy and we will set the
most precise limit to date on the possible nuclear dependence of R. Measurements on carbon and gold will also be
performed at select kinematics as seen in Table VIII to map the A dependence of nuclear medium modifications of R.

Our proposed measurements will also produce a large set of data on separated nuclear structure functions F1, FL

and F2. These can be readily used to test and eventually constrain state-of-the-art extractions of nuclear parton
distribution functions. We will also study the nuclear modifications of the nucleon structure in the cross section
ratio �A/�D, as shown in Figure 29. A recent analysis of world data on �A/�D [40] emphasized the need for
additional experimental constraints for copper and gold targets amongst other. In particular, as seen in Figure 29,
left panel, there are no published measurements for copper for x > 0.6 and the two data points above x of 0.35
have large uncertainties while for gold (right panel) there are no data at low x (the shadowing and antishadowing
regions); this precludes a definite confirmation of the universality of the �A/�D dependence with x. In Figure 29 the
published results from EMC and SLAC shown as black squares are displayed together with a fit and its uncertainty,
shown as a band, that incorporates both the point-to-point and normalization experimental errors. The width of the
band is a measure of the precision and coverage of existing measurements for the cross section ratio. Our proposed
measurements shown as red circles with the expected point-to-point uncertainties as bars will map the regions where
the cross section ratio is poorly measured. We only show the coverage o↵ered by the proposed central kinematics,
however, given the Hall C spectrometers acceptance we will cover both the lower and larger x regions (see Figure 14).
We expect a normalization uncertainty on the ratio smaller than 2% for all nuclear targets.

IV. COLLABORATION COMMITMENT TO THE HALL C 12 GEV UPGRADE

The collaboration has a strong commitment to support the equipment for Hall C at 12 GeV. Hampton University
played a leading role in the 6 GeV L/T experiments in Hall C, which required many precision systematic studies.
These studies led to the detailed understandings of the HMS spectrometer and benefited the Hall C program as a
whole. These studies should be repeated for the SHMS spectrometer. Hampton University lead by E. Christy is

32
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FIG. 28: Projected systematic uncertainties on the RCu �RD extraction as a function of x at all proposed central kinematics.
Similar extractions at select kinematics (see Table VIII) will be performed for RC �RD and RAu�RD. Measurements on iron
and gold from SLAC E140 are also shown in black symbols.
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FIG. 29: �A/�D for copper (left panel) and gold (right pnael). Existing data from EMC and SLAC (black squares) and
projections for our proposed measurements (red circles) are shown. We pnly show the coveraged provided by our proposed
central kinematics but due to the Hall C spectrometers acceptance we will cover both the lower and larger x regions.

responsible for the construction of the drift chambers for the SHMS spectrometer. The drift chambers construction is
in progress. Further commitments include the installation of the chambers into the detector hut and commissioning.

As Hall C sta↵, David Gaskell will support the SHMS construction and detector assembly and is responsible for
ensuring functionality of the Hall C Møller and Compton polarimeters at 12 GeV. He will also update and maintain the
Hall C simulation package SIMC, which will help with the spectrometer optics calculations. As Hall C postdoctoral
fellow Simona Malace will support the Hall C physics program and participate in hardware tests for the Hall C 12 GeV

Limitations: 
1. Modest Q2 range at low x
2. Few targets (C, Cu, Au)
3.  C and Au at only a subset of settings 
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RA-RD at JLab24

x=0.15: At 22 GeV, radiative corrections grow quickly for angles larger than 10 degrees
à 22 GeV, 10 degrees à Q2=4.36 GeV2, e=0.57
à 17 GeV, 23.9 degrees, e=0.17
à De = 0.4  à not ideal
à Q2=3 GeV2 can be measured with De~0.6

Other possible improvements: greater variety of targets, different N/Z, etc.
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SIDIS at 24 GeV

SIDIS at higher energy discussed extensively at previous workshop
à “The Next Generation of 3D Imaging”:  https://indico.jlab.org/event/539/

Experimental perspectives:

CLAS12: https://indico.jlab.org/event/539/contributions/10159/

SOLID: https://indico.jlab.org/event/539/contributions/10161/

Hall C: https://indico.jlab.org/event/539/contributions/10163/

Common theme: expanded phase space coverage (larger Q2) from mid to large x

https://indico.jlab.org/event/539/overview
https://indico.jlab.org/event/539/contributions/10159/
https://indico.jlab.org/event/539/contributions/10161/
https://indico.jlab.org/event/539/contributions/10163/


12H. Avakian, JLab, July 8 4

SIDIS kinematical coverage and observables

EIC JLab12

HERMES/JLab24

COMPASS

JLab7/9/11
• Studies of azimuthal modulations give access to 

underlying 3D partonic distributions
• QCD predicts only the Q2-dependence of 3D PDFs

PhT = p┴ +z k┴

p┴

� / FUU + Pb

p
2✏(1� ✏)F sin�

LU sin�+ Pt✏F
sin 2�
UL sin 2�+ . . .

SIDIS experiments measure azimuthal dependence of the cross section!!!

+✏FUU,L + |S?|[F sin���S

UT sin(�� �S) +
p

2✏(1 + ✏)F sin�S

UT sin�S ] + . . .

CLAS12 at 
higher energy: 
Harut Avakakian
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Phase - space examples obtained with the 3He target at various beam energies:     Q2   vs.  xbj

11 GeV 12 GeV 14 GeV

16 GeV 20 GeV 24 GeV

4

SOLID at Higher Energy, Vlad Khachatryan



14

22 GeV Hall C SIDIS Phase Space – HMS+SHMS

6 GeV 
phase 
space

11 GeV 
phase 
space

22 GeV 
phase 
space

Assumptions: HMS + 
SHMS minimum angle 
constraints unchanged
à Increase in HMS 
maximum momentum 
(higher field magnets)
à Smaller HMS angle 
may be possible, but 
would require special 
bender like SHMS

18 GeV 
phase 
space

HMS minimum angle limits 
low-x reach at higher energies
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Hall C SIDIS Phase Space – Smaller HMS angle

Smaller minimum angle 
for HMS (5 degrees) 
extends low-x coverage 
at high energy

22 GeV 
phase 
space

18 GeV 
phase 
space

11 GeV 
phase 
space

6 GeV 
phase 
space
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R in SIDIS
E12-06-104: Measurement of the Ratio R=sL/sT in Semi-Inclusive Deep-Inelastic Scattering
Spokespersons: R. Ent, P. Bosted, E. Kinney, H. Mkrtchyan
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FIG. 5. The proposed measurements for the ratio of longitudinal to transverse cross sections
in semi-inclusive deep inelastic pion electroproduction (R=σL/σT ) as a function of Q2 (top panel,
both at x=0.20 and x = 0.40), z (middle panel), and p2

T (bottom panel). For comparison, we show
the only existing data from Cornell. The dashed curves represent R for DIS.

V. EXPECTED RESULTS AND BEAM TIME REQUEST

We request a total of 40 days of beam time to measure R = σL/σT in semi-inclusive deep
inelastic scattering as a function of z, Q2, and p2

T , covering a region of interest to the general
program of SIDIS physics at a 12-GeV JLab. Of course, these data will also provide precise
new measurements of the separated cross sections σT

SIDIS and σL
SIDIS.

The itemized beam time request is given below.

• Map RH
SIDIS + RD

SIDIS as function of z at x = 0.2 and Q2 = 2.0 GeV2 (168 Hours)

• Map RH
SIDIS as a function of z at x = 0.4 and Q2 = 4.0 GeV2 (319 Hours)

• Map RH
SIDIS as a function of p2

T at x = 0.3 and Q2 = 3.0 GeV2 (311 Hours)

• Add kinematics to map RH
SIDIS for Q2 = 1.5-5.0 GeV2 (88 Hours)

• Overhead (75 Hours)

The proposed data cover the range of Q2 = 1.5-2.0 GeV2. Scans in z are proposed at Q2 =
2.0 (x = 0.2) and 4.0 GeV2 (x = 0.4), and should settle the behavior of σL/σT for large z.
A projection of the quality of proposed data for RSIDIS as compared with the only existing
data, from the Cornell experiments, is shown in Fig. 5.

11

x=0.2, Q2=2 GeV2

x=0.4, Q2=4 GeV2

x=0.3, Q2=3 GeV2

x=0.15-0.4

Is R in SIDIS same as 
DIS?

Same behavior at mid 
and large x?

What about nuclear 
dependence?
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Nuclear Pions from SIDIS
Sensitivity to nuclear pions using SIDIS in anti-shadowing region?

<latexit sha1_base64="exIu4TNRMatQP7eH8x8DQ6pFiMU="></latexit>

d�(x,Q2, z)

dxdydz
/ 1

2

⇥
1 + (1� y)2

⇤
(1� z)2 +

4

9
(1� y)F⇡(Q

2)

Fig. 3 

E. Berger, ANL-HEP-CP-87-45, NPAS Workshop on Electronuclear Physics with Internal Targets

Pion contribution to SIDIS cross section at large z

Only contributes to “H2” à from long. photons. L-T separation needed

At x=0.15, Q2=3 GeV2 JLab higher energy would allow access up to z=0.8 with W’>2 GeV

Measure with light nucleus like 4He where hadron attenuation effects are small

Would require higher beam energy and smaller angle capability for HMS (~6 degrees) 
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The TDIS program at Lab
Accessing the mesonic content of nucleons using the Sullivan process

proton as a  linear combination of a “bare” proton 
plus pion-nucleon and pion-delta states

Meson cloud model

A. Tadepalli



19

The TDIS program at Lab
Uses the spectator tagging technique pioneered at JLab

SBS

mTPC recoil tagger conceptual design

Nilanga Liyanage
Deuteron Spectator proton 

(backward going slow proton)

almost free 
neutron

Spectator tagging: 
a well established technique (BoNuS expt.)

Readout pads of mTPC simulated mTPC tracks 

DIS event – reconstruct x, Q2, W2, also MX of recoiling hadronic system 
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The TDIS program at Lab
Extract the pion structure function (projected results)

Contribution to F2p from F2𝛑p

pionic contribution

pionic contribution 
for different bins in 
recoil proton momentum 

T. J. Hobbs, Few-body Systems, 56, 363 (2015) 

pion pole

colors represent
<Δk>  recoil proton 
momentum bins

t dependence

projected pion structure function 
with “pion flux” normalized 
to D-Y data at xπ = 0.45

Tagged SF pion “flux” Pion SF
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TDIS @ 20 GeV JLab
Extended kinematic coverage, better constraints on t dependence

Contribution to F2p from F2𝛑p
colors represent
<Δk>  recoil proton 
momentum bins

t dependence

TDIS@20 GeV coverage

Q
2 
(G

eV
2 )

Q
2 
(G

eV
2 )

W2 (GeV2)
tπ

z

x

larger range in xπ

events
at low tπ
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TDIS and Nuclear Pions

Use TDIS setup to measure the
pionic content of 3He and 4He

Bertsch, Frankfurt & Strikman, 
Science 259, 773 (1993)

TDIS Recoil proton momentum: Pp = 0.1 - 0.4 GeV/c  &  Pp = -Pπ   look for excess pions relative to 2H 

Also extract pion structure function from 2H, 3He and 4He allowing a pionic EMC effect measurement.
@ 20 GeV will allow high W2 coverage of 0.05 < x < 0.3  

︷

N’
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Summary
• Measurement of R=sL/sT in anti-shadowing region important to clarify 

whether anti-shadowing is present on both sL and sT

– Approved Hall C E12-14-002 will measure RA-RD for C, Cu, and Au
– Larger Q2 range, lower x accessible w/higher energy

• SIDIS
– Larger Q2 range at low and high x, large W’ at large z
– Hall C cannot access anti-shadowing region above E=13-14 GeV 
– L-T separations à access to nuclear pions?

• TDIS
– Nuclear pions using tagged DIS
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EXTRA
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A-Dependence from NMC

NMC: Arneodo et al, Nucl. Phys. B 481, 3 (1996)

Normalization 
uncertainties = 0.2-
0.4%
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E12-14-002: Radiative Corrections20
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FIG. 16: Estimates of the radiated elastic and quasielastic contributions to the total cross section using the formalism of Mo
and Tsai [32] that accounts for external and internal radiative e↵ects. The estimates are shown at the central kinematics
(red full circles) but also at the kinematics corresponding to the spectrometers acceptance edges (empty green circles and blue
triangles). Some points at the edge of the kinematic acceptance where the correction is large will be discarded. The radiative
e↵ects are shown for the cryogenic 4 cm hydrogen and deuterium targets as well as for the 2% r.l. solid targets copper and
gold.

The inelastic radiative e↵ects are less sensitive to the ✏ change and therefore have minimal e↵ect on the extraction
of R but to set a scale we calculated the total radiative e↵ects at our proposed kinematics and we show our results
in Figure 17. In all cases the total radiative corrections will be no larger than 40%. To test our understanding of
the external radiative e↵ects we propose to take measurements for a few kinematic points with a 6% r.l. copper
target. The magnitude of the external radiative corrections will scale with the radiation length of the target but
after accounting for radiative e↵ects the di↵erence in the extracted cross sections, if any, would be a measure of the
systematic uncertainty of this correction. We would thus perform the same measurements on a 6% r.l. copper target
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FIG. 16: Estimates of the radiated elastic and quasielastic contributions to the total cross section using the formalism of Mo
and Tsai [32] that accounts for external and internal radiative e↵ects. The estimates are shown at the central kinematics
(red full circles) but also at the kinematics corresponding to the spectrometers acceptance edges (empty green circles and blue
triangles). Some points at the edge of the kinematic acceptance where the correction is large will be discarded. The radiative
e↵ects are shown for the cryogenic 4 cm hydrogen and deuterium targets as well as for the 2% r.l. solid targets copper and
gold.

The inelastic radiative e↵ects are less sensitive to the ✏ change and therefore have minimal e↵ect on the extraction
of R but to set a scale we calculated the total radiative e↵ects at our proposed kinematics and we show our results
in Figure 17. In all cases the total radiative corrections will be no larger than 40%. To test our understanding of
the external radiative e↵ects we propose to take measurements for a few kinematic points with a 6% r.l. copper
target. The magnitude of the external radiative corrections will scale with the radiation length of the target but
after accounting for radiative e↵ects the di↵erence in the extracted cross sections, if any, would be a measure of the
systematic uncertainty of this correction. We would thus perform the same measurements on a 6% r.l. copper target

Radiated QE and elastic fraction of total radiated cross secxtion for E12-14-002
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charge-symmetric can be measured directly by changing the polarity of the spectrometers to positive and measuring
the produced positrons.

We estimated the possible contribution of the background comming from neutral pion production in the target at
all our proposed kinematics and the results are shown in Figure 18 for deuterium and gold. We used the model of
P.E. Bosted [30] which employs the fit to the charged pion production data accumulated at SLAC [31]. The neutral
pion production is estimated as an average of the positive and negative pion production. The positron cross section
is calculated using the decay branching ratios for a neutral pion and the radiation length of the material where a
photon that results from the decay can produce e+e� pairs. It was found that this model describes fairly well the
momentum dependence of the positron cross section for some of the 6 GeV runs [33].

We found that the background contribution to the primary scattered electron yield is no larger than 20%. We plan
to measure the charge symmetric background at beam energies of 4.4, 5.5, and 6.6 GeV with few measurements for
checks at 7.7, 8.8 and 11 GeV. To estimate the total running time we assume 10% of the production time on each
target.
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FIG. 18: Charge-symmetric background estimates for deuterium and gold targets for all the proposed kinematics. The cal-
culations are shown at the central kinematics (red full circles) but also at the kinematics corresponding to the spectrometers
acceptance edges (empty green circles and blue triangles).For a given scan (EB ,Ep,✓) one acceptance limit is set by the mo-
mentum bite of the spectrometer while the other limit by the W 2 cut of 3 GeV2 (as indicated by the dashed line in Figure 14)
since our physics goals focus on the DIS region.

3. Coulomb Corrections

Though the Coulomb corrections can be neglected in DIS at very high incident beam energies, for energies in the
range of the earlier data from SLAC or at JLab, the Coulomb distortion could result in a non-negligible correction
to the cross section. This process refers to the acceleration (deceleration) of the incident (scattered) electrons in the
Coulomb field created by nearby protons inside a nucleus via the exchange of soft photons. The net result is a change
in the incident and scattered electron kinematics but also a focusing of the electron wave function in the interaction
region. Thus the cross sections calculated within the Plane Wave Born Approximation (PWBA) formalism are no
longer su�cient and a treatment within the Distorted Wave Born Approximation (DWBA) would be more suitable.
However, full DWBA calculations are di�cult to implement so typically a more convenient formalism is used: the
E↵ective Momentum Approximation (EMA). In this approximation the incident (E) and scattered (Ep) electron
energies are shifted by an average Coulomb potential �E while the focusing factor, (E + �E)/E enters quadratically
in the cross section calculation. A detailed comparison of the EMA approach and the full DWBA calculation in the
quasi-elastic region was performed by Aste and collaborators [34] and it was concluded that the two methodes agree
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fairly well. However, the EMA approach has never been tested in the DIS region [13].
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FIG. 19: Coulomb corrections estimated within the EMA framework for carbon, iron and gold targets. Though we will not
measure cross sections on an Iron target we show the prediction for the size of Coulomb corrections as these are expected to
be similar to those for a copper target.

It would be of much benefit to check the validity of the EMA when applied to Deep Inelastic Scattering in a manner
as was done for quasi-elastic scattering. Unfortunately, it has been di�cult to interest the theory community in this
topic given the lack of relevant precision data. The approval of this experiment should help re-invigorate interest in
the application of Coulomb Corrections to DIS. It is worth noting however, that the detailed DWBA calculations
performed by Aste [34] resulted in relatively minor adjustments to the ”classical” EMA. As it will be shown in what
follows, given the relatively small size of the predicted e↵ect for our kinematics, as well as our planned Coulomb
Correction test, we expect the systematic uncertainty due to the Coulomb Corrections procedure to to be small.

We calculated the Coulomb corrections within the EMA framework for our proposed central kinematics and the
magnitude of the correction is shown in Figure 19 for carbon, iron and gold targets. Though we will not measure
cross sections on an Iron target but on a copper one, we show the predicted size of Coulomb corrections as these are
expected to be similar to those for a copper target. We see that for a low Z target such as carbon the correction is
rather small but for a large Z target (gold) it could reach up to 5% at some of our kinematics. We thus propose to
test the EMA approach in the DIS region by measuring ratios of gold to deuterium cross sections at fixed x and ✏
but varying Q2 as shown in Table VI. The kinematics have been chosen such that for a fixed x and ✏ the Coulomb
corrections will vary significantly between the two Q2 settings. The expectation is that a measured change in the cross
section ratio could only be due to the change in Coulomb distortion e↵ects since the nuclear targets to deuterium
cross section ratios have been shown to approximately scale with Q2 [29]. Such a test would require a very good
understanding of other corrections and backgrounds. Our calculations of the radiative corrections, the ⇡/e ratio and
the charge-symmetric background are shown in Table VII. We would measure the charge symmetric background
at the low ✏ setting. We would also take short runs on an aluminum (dummy) target to measure the background
comming from the deuterium cryogenic target walls.

4. Estimates of Pion-to-Electron Ratio

The ⇡/e ratios have been estimated for all the central kinematics with the model of P.E. Bosted [30] based on
Wiser’s fit [31] and are shown in Figures 20 and 21. The upper limit on the pion to electron ratio for each target is
as follows: for hydrogen the highest ratio is 140, for deuterium 170, for carbon 130, for copper 200 and for gold 120.
With a pion rejection factor of 10�4, the contribution of the ⇡� background to the cross section would be less than
2% for copper and even less for the other targets. At this level the background can be characterized and subtracted

Charge symmetric backgrounds and Coulomb corrections for E12-14-002


