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JLab SIDIS Program
JLab has an extensive program of 
measurements in semi-inclusive DIS (SIDIS)

1D nucleon structure
à deconvolution of polarized PDFs
à constraints on unpolarized sea

3D nucleon structure
Transverse degrees of freedom allow us to 
explore kT dependence of quarks – access to 
orbital angular momentum
à Transversity distribution
à Transverse Momentum Distributions 
(TMDs)

Experiments include measurements using longitudinal 
and transversely polarized targets, single (electron) spin 
asymmetries, hadron 

quarks

nucleon
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JLab SIDIS Program
JLab has an extensive program of 
measurements in semi-inclusive DIS (SIDIS)

1D nucleon structure
à deconvolution of polarized PDFs
à constraints on unpolarized sea

3D nucleon structure
Transverse degrees of freedom allow us to 
explore kT dependence of quarks – access to 
orbital angular momentum
à Transversity distribution
à Transverse Momentum Distributions 
(TMDs)

Experiments include measurements using longitudinal 
and transversely polarized targets, single (electron) spin 
asymmetries, hadron 

nucleon

Program assumes applicability of factorization 
assumptions and understanding of SIDIS reaction

quarks
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Hall C SIDIS* Program

11 GeV 
phase 
space

6 GeV 
phase 
space

E00-108 (6 GeV) E12-09-017

E12-09-002

E00-108: “Duality in Meson Electroproduction” 
à 6 GeV, first Hall C SIDIS measurement

E12-09-017: “Transverse Momentum 
Dependence of Semi-Inclusive Pion Production”
à Scans in z and Pt, x-dependence at fixed Q2

E12-09-002: “Charge Symmetry Violating Quark 
Distributions via Precise Measurement of π+/π− 
Ratios in SIDIS” 
à Scans in z at each x/Q2 (parallel kinematics)
à Deuterium at every setting, hydrogen at select 
settings

E12-06-104/E12-24-001: “Measurement of the 
Ratio R in Semi-Inclusive Deep-Inelastic 
Scattering”
à L-T separations for π+/π− from H, D, A
à Scans in z, x, Pt

*Charged pions à p0 included in NPS program

+ E12-06-104
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Hall C Results: PT and f Dependent Multiplicities

PT and f dependence 
extracted for several 
kinematics 

I) x=0.31, Q2=3 GeV2

II) x=0.30, Q2=4.1 GeV2

III) x=0.45, Q2=4.5 GeV2

x=0.31, Q2=3 GeV2

<latexit sha1_base64="ioxqdDFcrAuXOZu6uOWuMO76idU=">AAAB+3icbVDLSgNBEJyNrxhfazx6GQxChBB2RaIXIejFixDBPCBZltnJbDJk9sFMrxiX/IoXD4p49Ue8+TdOkj1oYkFDUdVNd5cXC67Asr6N3Mrq2vpGfrOwtb2zu2fuF1sqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6Prqd9+YFLxKLyHccycgAxC7nNKQEuuWbwtP1Vww4UK7sVDfoIvsWuWrKo1A14mdkZKKEPDNb96/Y gmAQuBCqJU17ZicFIigVPBJoVeolhM6IgMWFfTkARMOens9gk+1kof+5HUFQKeqb8nUhIoNQ483RkQGKpFbyr+53UT8C+clIdxAiyk80V+IjBEeBoE7nPJKIixJoRKrm/FdEgkoaDjKugQ7MWXl0nrtGrXqrW7s1L9Kosjjw7RESojG52jOrpBDdREFD2iZ/SK3oyJ8WK8Gx/z1pyRzRygPzA+fwDDd5JX</latexit>

M(z, Pt,ω) =
<latexit sha1_base64="3/PS/Cu5QWpTUpozm8cKe4SP7y4=">AAACHHicbVDLSsNAFJ34rPUVdelmsAiCUJIq1WWtGzdCBfuAJJTJdNIOnTyYuRFK6Ie48VfcuFDEjQvBv3HadKGtBwbOPede7tzjJ4IrsKxvY2l5ZXVtvbBR3Nza3tk19/ZbKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD64nffmBS8Ti6h1HCvJD0Ix5wSkBLXfPstmu5ggXgYBuf4ivs0lhlbjLgY13W87KCc8GVvD8Ar2uWrLI1BV4k9oyU0AyNrvnp9mKahiwCKohSjm0l4GVEAqeCjYtuqlhC6JD0maNpREKmvGx63Bgfa6WHg1jqFwGeqr8nMhIqNQp93RkSGKh5byL+5zkpBJdexqMkBRbRfFGQCgwxniSFe1wyCmKkCaGS679iOiCSUNB5FnUI9vzJi6RVKdvVcvXuvFSrz+IooEN0hE6QjS5QDd2gBmoiih7RM3pFb8aT8WK8Gx9565IxmzlAf2B8/QAQy5+R</latexit>

M0 [1 +A cosω+B cos 2ω]

Multiplicity can be extracted by fit to the 
following form:

PT-SIDIS: Phys.Rev.C 113 (2026) 3, 035205
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Hall C Results: Flavor Dependent Fragmentation Functions
Multiplicities for p+ and p- from proton 
and neutron (deuteron) used to 
extract 4 FFs

à Integrated over PT range in 
acceptance (up to about 0.2 
GeV), nominal PT=0.1 GeV

à Assumed same PT dependence 
for both charges/targets (true 
within uncertainties

Clear difference between unfavored 
fragmentation functions at lower W 
(larger x)

<latexit sha1_base64="xA4YFbqq79G1eRftchhKp3c41ew=">AAACAnicbVDLSsNAFJ34rPVVdSVugkVwY0lEqsuiLlxWsA9oYphMbtqhk0mYmQglBDf+ihsXirj1K9z5N07bLLT1wIXDOffOnXv8hFGpLOvbWFhcWl5ZLa2V1zc2t7YrO7ttGaeCQIvELBZdH0tglENLUcWgmwjAkc+g4w+vxn7nAYSkMb9TowTcCPc5DSnBSkteZd+ZvJH1BQDPr70syO8zJ6EnuVepWjVrAnOe2AWpogJNr/LlBDFJI+CKMCxlz7YS5WZYKEoY5GUnlZBgMsR96GnKcQTSzSbrc/NIK4EZxkIXV+ZE/T2R4UjKUeTrzgirgZz1xuJ/Xi9V4YWbUZ6kCjiZLgpTZqrYHOdhBlQAUWykCSaC6r+aZIAFJkqnVtYh2LMnz5P2ac2u1+q3Z9XGZRFHCR2gQ3SMbHSOGugGNVELEfSIntErejOejBfj3fiYti4Yxcwe+gPj8wcjXZfr</latexit>

Dω→
d

<latexit sha1_base64="v3MWjrUSisRc0DdpX4Io+Agirks=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCIJQZkeqyqAuXFewDOuOQSTNtaOZBkhHKMLjxV9y4UMStX+HOvzGddqGtBwKHc+7NSY6fcCaVZX0bC4tLyyurpbXy+sbm1ra5s9uScSoIbZKYx6LjY0k5i2hTMcVpJxEUhz6nbX94NfbbD1RIFkd3apRQN8T9iAWMYKUlz9x3ijsyn2MyzK+9LM3vMydhJ7lnVqyqVQDNE3tKKjBFwzO/nF5M0pBGinAsZde2EuVmWChGOM3LTippolNwn3Y1jXBIpZsV8Tk60koPBbHQJ1KoUH9vZDiUchT6ejLEaiBnvbH4n9dNVXDhZixKUkUjMgkKUo5UjMZ9oB4TlCg+0gQTwfRbERlggYnSrZV1Cfbsl+dJ67Rq16q127NK/XJaRwkO4BCOwYZzqMMNNKAJBB7hGV7hzXgyXox342MyumBMd/bgD4zPHxsbl+Y=</latexit>

Dω+
u

<latexit sha1_base64="ah91g6dsMkv6Jg2qSX5dck+Bzyc=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJREpLos6sJlBfuAJobJZNIOnUzCzEQoIW78FTcuFHHrX7jzb5ymWWjrgQuHc+6dO/f4CaNSWda3sbC4tLyyWlmrrm9sbm2bO7sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6fqjq4nffSBC0pjfqXFC3AgNOA0pRkpLnrnvFG9kPktJfu1lQX6fOQk9yT2zZtWtAnCe2CWpgRItz/xyghinEeEKMyRl37YS5WZIKIoZyatOKkmC8AgNSF9TjiIi3azYnsMjrQQwjIUurmCh/p7IUCTlOPJ1Z4TUUM56E/E/r5+q8MLNKE9SRTieLgpTBlUMJ3HAgAqCFRtrgrCg+q8QD5FAWOnQqjoEe/bkedI5rduNeuP2rNa8LOOogANwCI6BDc5BE9yAFmgDDB7BM3gFb8aT8WK8Gx/T1gWjnNkDf2B8/gBR9pd2</latexit>
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<latexit sha1_base64="Ug/aY7Vp/wFyBE3vz9Jj5O5ny3w=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqFKECqMFTAwFok+pCZEjuO0Vh0nsh2kKsrCr7AwgBArn8HG3+CmGaDlSFc6OudeX9/jJ4xKZVnfRmVpeWV1rbpe29jc2t4xd/e6Mk4FJh0cs1j0fSQJo5x0FFWM9BNBUOQz0vPH11O/90iEpDG/V5OEuBEachpSjJSWPPPAKd7IBAnyGy9L84fMSehp7pl1q2EVgIvELkkdlGh75pcTxDiNCFeYISkHtpUoN0NCUcxIXnNSSRKEx2hIBppyFBHpZsXyHB5rJYBhLHRxBQv190SGIiknka87I6RGct6biv95g1SFl25GeZIqwvFsUZgyqGI4TQMGVBCs2EQThAXVf4V4hATCSmdW0yHY8ycvku5Zw242mnfn9dZVGUcVHIIjcAJscAFa4Ba0QQdgkINn8ArejCfjxXg3PmatFaOc2Qd/YHz+AJsxlxI=</latexit>

Dω→
u

<latexit sha1_base64="ah91g6dsMkv6Jg2qSX5dck+Bzyc=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJREpLos6sJlBfuAJobJZNIOnUzCzEQoIW78FTcuFHHrX7jzb5ymWWjrgQuHc+6dO/f4CaNSWda3sbC4tLyyWlmrrm9sbm2bO7sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6fqjq4nffSBC0pjfqXFC3AgNOA0pRkpLnrnvFG9kPktJfu1lQX6fOQk9yT2zZtWtAnCe2CWpgRItz/xyghinEeEKMyRl37YS5WZIKIoZyatOKkmC8AgNSF9TjiIi3azYnsMjrQQwjIUurmCh/p7IUCTlOPJ1Z4TUUM56E/E/r5+q8MLNKE9SRTieLgpTBlUMJ3HAgAqCFRtrgrCg+q8QD5FAWOnQqjoEe/bkedI5rduNeuP2rNa8LOOogANwCI6BDc5BE9yAFmgDDB7BM3gFb8aT8WK8Gx/T1gWjnNkDf2B8/gBR9pd2</latexit>

Dω+
d

Uncertainties larger due to small 
differences in flavor dependent 
multiplicities

H. Bhatt, P. Bosted, S. Jia et al, Phys.Lett.B 865 (2025) 139485
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R=sL/sT in DIS and SIDIS
What is the role of R=sL/sT in DIS and 
SIDIS?

DIS: In the naïve parton model , R=0
à non-zero R from intrinsic kT of quarks, 

contributions from gluons 
à Well-studied in lepton scattering via 

Rosenbluth separation – demonstrated to 
show expected Q2 dependence, magnitude

SIDIS: RSIDIS often assumed to be the same as 
RDIS in experiment analyses 
à Little experimental verification that they are 

the same (essentially unmeasured)
à Different dynamics may lead to differences 

in R

8

FIG. 6: Values of R from the global analysis of Whitlow et al. [9]. The errors shown on all SLAC data do not include the
±0.025 systematic uncertainty due to radiative corrections. Figure taken from [9].

remember that the value of R, depending on kinematics, ranges between 0 and 0.3, and is larger at low Q2 values
where it is both easier to measure and also where a potential deviation from unity is observable. Only the SLAC
experiment E140 [2] performed model-independent Rosenbluth separations on nuclear targets at few kinematic points
and their results are shown in Figure 7, right panel. The HERMES [10] extractions at low x were performed with
a single beam energy, providing no lever arm in ✏ at fixed x and Q2. The NMC data [11, 12] used multiple beam
energies but extracted RA�RD using a Q2 dependent fit at fixed x. Finally, the SLAC RA�RD extractions, though
model-independent determinations of RA �RD, were performed utilizing cross sections without Coulomb corrections
applied. As it will be discussed in a later section, a recent re-extraction of RA � RD [13] including the neglected
Coulomb corrections, as well as additional data from JLab, hint that RA < RD for Q2 of a few GeV2 and x in the
region of the EMC e↵ect. This case is further strengthened by the preliminary data from JLab experiments E04-001,
E02-109, and E06-009, which focused on the extraction of RA �RD and RD in the nucleon resonance region, for
0.1 < Q2 < 4 GeV2 [14]. The preliminary results for copper in the range 2 < Q2 < 4 GeV2 from [14] are shown in
Figure 8. These results are expected to be finalized and submitted for publication in the next month, however, the
observation of nuclear dependence will remain unchanged. The current proposal would extend the existing
JLab measurements from the resonance region well into the DIS regime, W 2 up to 10 GeV2, covering a
significant range in x and Q2 to determine whether the nuclear e↵ects in the EMC and antishadowing
regions are the same in F1, F2, and FL.

B. Implications of a Possible Nuclear Dependence of R

1. The Antishadowing Region

The well known behavior of modifications of the nucleus to deuteron cross section ratio �A/�D obtained from
electron scattering has the pattern shown in Figure 9, left panel. For small x values, in the shadowing region,
x < 0.05 � 0.1 the ratio is suppressed - the suppression increases with increasing A and a decrease of x. For
0.1 < x < 0.3, the antishadowing region, the ratio is enhanced (few percent e↵ect) with no obvious A dependence.
In the interval 0.3 < x < 0.8 the ratio is suppressed and this is called the EMC e↵ect. Finally, for x > 0.8 the ratio
increases dramatically above unity and this is attributed to nucleon motion inside the nucleus (Fermi motion). Various

L.W. Whitlow et al., Phys. Lett. B 250, 193 (1990)
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R-SIDIS Experiments in Hall C
R = sL/sT in SIDIS (ep à e’p+/-X)

E12-06-104: Measurement of the Ratio R=sL/sT in 
Semi-Inclusive Deep-Inelastic Scattering
à Ran in summer of 2025 and 2026

1. Scans in z at Q2 = 3.3 (x = 0.25) and 4.4 GeV2 (x 
= 0.44) à behavior of sL/sT for large z.

2. Cover Q2 = 1.6 – 4.4 GeV2, à both H and D at 
Q2 = 3.1, 3.3, 4.4 GeV2

3. PT up to ~ 0.8 GeV. Coverage in f is excellent 
(o.k.) up to PT = 0.2 (0.4) GeV.

à RSIDIS = RDIS ?
à Measure RSIDIS dependence z, PT
à Is RSIDIS the same for p+, p- (K+, K-)? H and D?
àHow does R transition from SIDIS to exclusive?
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E12-24-001 ran with E12-06-104 to measure the nuclear 
dependence of R in SIDIS

à Use H, D measurements from R-SIDIS, add data from 
C and Cu targets

à Measure epsilon dependence of target ratio to extract 
RA-RD

Exploratory measurement to look for novel nuclear 
effects
à DR same for inclusive and SIDIS?
à If non-zero, impacts hadron attenuation measurements
à Possible sensitivity to nuclear pions?

R-SIDIS Experiments in Hall C
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SIDIS with Hall C Standard Equipment

SHMS

HMS

Hall C uses magnetic focusing 
spectrometers with moderate acceptance

 Optimal Hall C SIDIS program:
à Targeted measurements in specific 
regions of phase space (i.e., low-rate 
processes)
à Absolute cross sections, L-T 
separations, ratios (target or charge)

Complementary to large acceptance 
devices that can access large phase 
space all at once

Excellent control of point-to-point systematic 
uncertainties required for precise L-T separations
à Ideally suited for focusing spectrometers
à One of the drivers for SHMS design

Identical acceptance for positive and negative polarity
à Precision measurement of charged meson ratios



11

R-SIDIS Experiments in Hall C - p0 with NPS

the ratio of deuteron/proton cross sections will be determined with sub-percent precision

in typically 20 bins as well. Relative systematic errors are di!cult to quantify, but we

expect relative errors of a few percent in overall normalization from in-common factors such

as uncertainties in beam current, target thickness, beam energy, and radiative corrections.

Because the ωh modulations are near zero, these will be dominated by statistical errors. The

ratio of deuteron/proton cross sections will be dominated by the overall normalization error

in the ratio of target densities. Point-to-point systematic errors from radiative corrections,

HMS spectrometer acceptance function, and variations in the NPS e!ciency and calibrations

are di!cult to estimate accurately at this time, but are expected to be comparable or smaller

than the statistical errors for most observables.

The expected results for RSIDIS
LT are driven by the statistical accuracy of the lowest beam

energy (lowest ε) used at each (x,Q2) setting, divided by the range in ε, listed in Table II.

The anticipated count totals at the lowest beam energy range from 0.2 to 2 million events,

and the ε range varies from only 0.14 (for setting I) to 0.37 (for setting VIII). Combining

these factors, we anticipate that we can divide measurements of RSIDIS
LT into of order 10 bins

in (z, Ph→) for each (x,Q2) setting, each with a statistical error of less than 0.02 to 0.05, small

compared to the range of model predictions which vary from 0 to 1. The overall systematic

error at each (x,Q2) setting will be of order 0.02/ϑε, but the point-to-point systematic errors

will be smaller. The systematic error on the proton-deuteron di”erence in RSIDIS
LT will be

even smaller, because most systematic e”ects are in common to both targets. Two examples

of the possible results are shown in Figure 5

0.2--------------1
Cl) .... 
� 0.1 

0::: 

0.0 It,- 4 - + - +- -+- -+ -
-0.1 ................................................................................................................................... ........

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Pr CGeV) 

0.2 
Cl) .... 
� 0.1 

0::: 

0.0 - +- -+- -+ - t- -, - + -
-0.1 .................................................................................................................................................... ........

0.3 0.4 0.5 0.6 0.7 0.8 
2 

FIG. 5. Projected statistical errors on RSIDIS
LT as a function of Ph→ (left) and z (right) for setting

III. The rectangular boxes indicate the estimated point-to-point error in (RSIDIS
LT - RDIS

LT ). The

approximate value of RDIS
LT from the SLAC parameterization [20] is indicated by the solid line.

16

p0 avoids complications from vector meson decay, 
smaller radiative tails from exclusive pion 
production

Calorimeter + sweeper magnet adds 
capability to detect neutral particles: g and p0

First NPS run completed in 2023à large amount 
of SIDIS p0 (and exclusive p0 and DVCS) data 
under analysis
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(Inclusive) Rosenbluth (L-T) Separations
<latexit sha1_base64="+VW3BjuaTBURVwPPhcN3iJaMpV4="></latexit>
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⇤

Inclusive measurements:

Vary e by making measurements at different beam energies while 
keeping x and Q2 fixed) Y. LIANG et al. PHYSICAL REVIEW C 105, 065205 (2022)

FIG. 2. Measurements of R = σL/σT , as a function of W 2, for
the Q2 values indicated. The error bars shown represent both the
statistical and uncorrelated systematic uncertainties, with the former
negligible in comparison to the latter. The shaded band below the
offset zero represents the total scale uncertainty and the blue curve is
the fit of Ref. [31]. The locations of the three prominent resonances
observed in the unseparated cross-section measurements are labeled
at the top.

3.0 GeV2 and ±0.10 GeV2 for W 2 ! 3.0 GeV2 were brought
to a central value using a fit. (Larger ranges were employed
at the higher W2 values where the cross section becomes
less W2-dependent.) Different fits were utilized to assess any
model-dependent uncertainty in this step which was typically
less than 3% [25]. This uncertainty concern dictated that sepa-
rations were not performed if the required centering correction
was larger than 60%.

IV. RESULTS AND INTERPRETATION

Values obtained for R are plotted versus W 2 in Fig. 2 for
the Q2 values indicated, along with the fit from Ref. [31]. It is
clear from the mass enhancements in the data that R exhibits
resonant structure, and that this variation with W 2 can be quite
large. This is the first direct observation of such structure,
contradicting a common assumption that the resonance con-
tribution to R, or the longitudinal strength in the resonance
region, is small or negligible (for example, Refs. [33–39]).
There are very few calculations for R in the resonance region,
and not all of those include explicit resonance contributions
or have both the longitudinal and transverse response needed
to extract R. Therefore, we will compare our data to existing
calculations for the separated structure functions F1 and FL
rather than for R.

The almost 20 well-established nucleon resonances with
masses below 2 GeV give rise to only three distinct en-
hancements in the unseparated inclusive electron scattering

cross section and, of the three, only the first (the lowest
mass P33(1232), ") state is not a superposition of over-
lapping resonant states. The second enhancement region is
often referred to as the S11, as the unseparated cross sec-
tion here is dominated above Q2 ≈ 1 GeV2 by the ground state
S11(1535) resonance, even though there exists the D13(1520)
overlapping resonance. A similar situation is true for the third
enhancement region, which is dominated by the F15(1680),
with even more overlapping resonance states. In R, however,
the situation appears to be different. There is an additional
prominent peak at W 2 ≈ 1.8 GeV2, somewhat below the S11
dominated mass region.

The lowest mass " resonance region exhibits nonneg-
ligible longitudinal strength over the full Q2 range of this
experiment, albeit with limited statistical precision at the
lowest Q2 value shown. The spin-flip required for this pos-
itive parity isospin I = 3/2 excitation suggests that it be
dominantly transverse, yet some models predict a possible
nonnegligible longitudinal component [40–44]. Recent anal-
yses of predominantly exclusive scattering data from JLab
[45–47] differ somewhat but generally tend to indicate a small
longitudinal " resonant component. It has been noted that
Rosenbluth separated data such as that presented here will be
critically useful input to such analyses [48]. It is also possible
that the R values observed here may indicate a substantial
nonresonant background contribution in this regime.

The possible peak observed in R at W 2 ≈ 1.8 GeV2 in
Fig. 2 below the S11 is notable, albeit with large uncertainty,
in the FL longitudinal channel. This mass is close to that of the
elusive Roper resonance, P11(1440), the electroproduction of
which is a topic of significant interest [49–55]. The excitation
of the Roper resonance has been found to be dominantly
longitudinal [46]. The observed mass is also near the P13, or
#(1385), resonance. This resonance should have a small cross
section in electroproduction, but could show up preferentially
in the longitudinal channel which is dominant in kaon produc-
tion. Regardless of its origin, this is a surprising observation
of significant resonant longitudinal strength, and bears further
experimental and theoretical investigation.

In all, the data clearly exhibit differing longitudinal and
transverse resonance behavior, as shown in Fig. 3, where the
purely transverse 2xF1 and purely longitudinal FL structure
functions are plotted separately. Here, the structure functions
are plotted as a function of x rather than W , for the purpose of
further discussions below. The mass peak regions move up in
x with increasing Q2. It may be observed that there are mass
peaks in both the longitudinal and transverse channels, and
that the peak positions differ somewhat. Not only do the data
unequivocally demonstrate significant longitudinal resonance
structure, but the W -dependence (or x dependence) of FL is
larger than that of 2xF1 above Q2 ≈ 1 GeV2, as evidenced
by the relatively greater prominence of the mass peaks in the
bottom panel of Fig. 3.

A precise extraction of information on individual reso-
nances, such as transition form factors, from these inclusive
data must involve a detailed fitting study beyond the scope of
this report. At lower values of Q2 < 1 GeV2, unitary isobar
fits like MAID [56] give quite definite and accurate predic-
tions based on single pion, two pion, eta, and kaon decay

065205-4

MEASUREMENT OF R = σL/σT … PHYSICAL REVIEW C 105, 065205 (2022)

To account for backgrounds from π0 production and de-
cay into two photons and subsequent electron-positron pairs,
positrons were measured in the short orbit spectrometer (SOS)
and also intermittently in the HMS. Other backgrounds in-
cluded electron scattering from the aluminum walls of the
cryogenic target cell, as well as electroproduced negatively
charged pions. Events from the former were subtracted by
performing substitute empty target runs, while events from
the latter were identified and removed by the use of both a
gas Cherenkov counter and an electromagnetic calorimeter. In
all aspects of this experiment, particular attention was given to
demonstrable systematic uncertainty minimization. For more
details regarding the analysis and the Hall C apparatus em-
ployed in this experiment, see Refs. [24,25].

III. DATA ANALYSIS

The inclusive double differential cross section for each
energy and angle bin within the spectrometer acceptance was
determined from

dσ

d#dE ′ = Ycorr

L$#$E ′ , (2)

where $# ($E ′) is the bin width in solid angle (scattered
energy), L is the total integrated luminosity, and Ycorr is the
final corrected yield of events. To obtain Ycorr, the electron
events were binned in small W and θ bins. This raw yield was
corrected for the acceptance of the spectrometer in the bin (as
determined from detailed Monte Carlo simulations), detector
efficiencies, data acquisition live time, background contribu-
tions, and radiative corrections. A cross-section model was
then used to correct for the difference between this cross
section averaged over the θ bins and the value at the central
spectrometer angle, and the cross section for a specific W bin
was taken to be the weighted average of the values for the
different θ bins.

Radiative corrections include the bremsstrahlung, vertex
corrections, and loop diagrams standard to electron scattering
experiments. These corrections were calculated following the
prescription of Ref. [5], using structure function parametriza-
tions from [4,26] and form factors from [27]. No corrections
were made for higher order radiative processes involving two
photon exchange, since no complete inelastic calculations for
such effects. In addition, the impact on the extraction of σL
is enhance by a factor of order 1/R, which is much smaller
in this case (R ≈ 3) than for the high-Q2 elastic form fac-
tor extractions (R # 0.1) where large two-photon exchange
effects have been observed [28,29]. Moreover, our data set
significant limits on the presence of nonlinear contributions,
suggesting deviations from linearity below the 2% level over
the entire kinematic range of our measurement [30], consistent
with calculations that suggest that two-photon contributions
in resonance production are relatively small and nearly
linear in ε [29].

To minimize dependence on the model used to compute
both the bin centering and the radiative correction, the follow-
ing iterative procedure was employed: a starting model was
used to compute the corrections; the data thus obtained were
fit to obtain a new model and this resultant new model was
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FIG. 1. Representative Rosenbluth plots for the kinematics
indicated.

then employed to recompute the original corrections and re-
extract the cross sections. These steps were repeated until the
fitting yielded no further changes. Differing starting models
were used to verify that the final cross sections were indepen-
dent of the starting model within 0.6%. A positive byproduct
of this approach is the availability of a new resonance region
fit, including both resonances and nonresonant contributions,
which describes the data presented here to better than 3% [31].

Typical cross-section statistical uncertainties per energy
bin were less than 1% with systematic errors, uncorrelated
in ε, of 1.6% [24]. The total systematic scale uncertainty in
the cross-section measurements was 1.9%. The full cross-
section sample consisted of 32 scans across the mass-squared
range M2 < W 2 < 4 GeV2. Measurements at over 1,000
distinct W 2, Q2 and ε points were obtained, allowing for
longitudinal and transverse separations to be performed at 167
fixed W 2, Q2 values with typically between 3 and 5 ε points
in each separation.

The extractions of purely longitudinal and transverse cross
sections and structure functions were accomplished via the
Rosenbluth technique [32], where measurements are made
over a range in ε at fixed x, Q2, and the reduced cross section,
σr = dσ/' = σT + εσL = σT (1 + εR) is fit linearly with ε.
Here, ' is the transverse virtual photon flux in the electron-
nucleon scattering process. Both ε and ' were calculated from
the measured kinematic variables. The intercept of such a fit
gives the transverse cross section σT [and therefore the struc-
ture function F1(x, Q2)], while the slope gives the longitudinal
cross section σL, from which can be extracted the structure
functions R(x, Q2) and FL(x, Q2). Because R is determined
by the slope of the fit, relative to σT , the uncertainty in the
extracted value of R (and likewise, FL) is dominated by the
uncorrelated uncertainties in the cross sections versus ε. Typ-
ical example Rosenbluth plots are shown Fig. 1.

Prior to a separation being performed, data within a Q2

range of ±0.5 GeV2 and W 2 range of ±0.05 GeV2 for W 2 <
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(Inclusive) Rosenbluth (L-T) Separations
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FIG. 2. Measurements of R = σL/σT , as a function of W 2, for
the Q2 values indicated. The error bars shown represent both the
statistical and uncorrelated systematic uncertainties, with the former
negligible in comparison to the latter. The shaded band below the
offset zero represents the total scale uncertainty and the blue curve is
the fit of Ref. [31]. The locations of the three prominent resonances
observed in the unseparated cross-section measurements are labeled
at the top.

3.0 GeV2 and ±0.10 GeV2 for W 2 ! 3.0 GeV2 were brought
to a central value using a fit. (Larger ranges were employed
at the higher W2 values where the cross section becomes
less W2-dependent.) Different fits were utilized to assess any
model-dependent uncertainty in this step which was typically
less than 3% [25]. This uncertainty concern dictated that sepa-
rations were not performed if the required centering correction
was larger than 60%.

IV. RESULTS AND INTERPRETATION

Values obtained for R are plotted versus W 2 in Fig. 2 for
the Q2 values indicated, along with the fit from Ref. [31]. It is
clear from the mass enhancements in the data that R exhibits
resonant structure, and that this variation with W 2 can be quite
large. This is the first direct observation of such structure,
contradicting a common assumption that the resonance con-
tribution to R, or the longitudinal strength in the resonance
region, is small or negligible (for example, Refs. [33–39]).
There are very few calculations for R in the resonance region,
and not all of those include explicit resonance contributions
or have both the longitudinal and transverse response needed
to extract R. Therefore, we will compare our data to existing
calculations for the separated structure functions F1 and FL
rather than for R.

The almost 20 well-established nucleon resonances with
masses below 2 GeV give rise to only three distinct en-
hancements in the unseparated inclusive electron scattering

cross section and, of the three, only the first (the lowest
mass P33(1232), ") state is not a superposition of over-
lapping resonant states. The second enhancement region is
often referred to as the S11, as the unseparated cross sec-
tion here is dominated above Q2 ≈ 1 GeV2 by the ground state
S11(1535) resonance, even though there exists the D13(1520)
overlapping resonance. A similar situation is true for the third
enhancement region, which is dominated by the F15(1680),
with even more overlapping resonance states. In R, however,
the situation appears to be different. There is an additional
prominent peak at W 2 ≈ 1.8 GeV2, somewhat below the S11
dominated mass region.

The lowest mass " resonance region exhibits nonneg-
ligible longitudinal strength over the full Q2 range of this
experiment, albeit with limited statistical precision at the
lowest Q2 value shown. The spin-flip required for this pos-
itive parity isospin I = 3/2 excitation suggests that it be
dominantly transverse, yet some models predict a possible
nonnegligible longitudinal component [40–44]. Recent anal-
yses of predominantly exclusive scattering data from JLab
[45–47] differ somewhat but generally tend to indicate a small
longitudinal " resonant component. It has been noted that
Rosenbluth separated data such as that presented here will be
critically useful input to such analyses [48]. It is also possible
that the R values observed here may indicate a substantial
nonresonant background contribution in this regime.

The possible peak observed in R at W 2 ≈ 1.8 GeV2 in
Fig. 2 below the S11 is notable, albeit with large uncertainty,
in the FL longitudinal channel. This mass is close to that of the
elusive Roper resonance, P11(1440), the electroproduction of
which is a topic of significant interest [49–55]. The excitation
of the Roper resonance has been found to be dominantly
longitudinal [46]. The observed mass is also near the P13, or
#(1385), resonance. This resonance should have a small cross
section in electroproduction, but could show up preferentially
in the longitudinal channel which is dominant in kaon produc-
tion. Regardless of its origin, this is a surprising observation
of significant resonant longitudinal strength, and bears further
experimental and theoretical investigation.

In all, the data clearly exhibit differing longitudinal and
transverse resonance behavior, as shown in Fig. 3, where the
purely transverse 2xF1 and purely longitudinal FL structure
functions are plotted separately. Here, the structure functions
are plotted as a function of x rather than W , for the purpose of
further discussions below. The mass peak regions move up in
x with increasing Q2. It may be observed that there are mass
peaks in both the longitudinal and transverse channels, and
that the peak positions differ somewhat. Not only do the data
unequivocally demonstrate significant longitudinal resonance
structure, but the W -dependence (or x dependence) of FL is
larger than that of 2xF1 above Q2 ≈ 1 GeV2, as evidenced
by the relatively greater prominence of the mass peaks in the
bottom panel of Fig. 3.

A precise extraction of information on individual reso-
nances, such as transition form factors, from these inclusive
data must involve a detailed fitting study beyond the scope of
this report. At lower values of Q2 < 1 GeV2, unitary isobar
fits like MAID [56] give quite definite and accurate predic-
tions based on single pion, two pion, eta, and kaon decay
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To account for backgrounds from π0 production and de-
cay into two photons and subsequent electron-positron pairs,
positrons were measured in the short orbit spectrometer (SOS)
and also intermittently in the HMS. Other backgrounds in-
cluded electron scattering from the aluminum walls of the
cryogenic target cell, as well as electroproduced negatively
charged pions. Events from the former were subtracted by
performing substitute empty target runs, while events from
the latter were identified and removed by the use of both a
gas Cherenkov counter and an electromagnetic calorimeter. In
all aspects of this experiment, particular attention was given to
demonstrable systematic uncertainty minimization. For more
details regarding the analysis and the Hall C apparatus em-
ployed in this experiment, see Refs. [24,25].

III. DATA ANALYSIS

The inclusive double differential cross section for each
energy and angle bin within the spectrometer acceptance was
determined from

dσ

d#dE ′ = Ycorr

L$#$E ′ , (2)

where $# ($E ′) is the bin width in solid angle (scattered
energy), L is the total integrated luminosity, and Ycorr is the
final corrected yield of events. To obtain Ycorr, the electron
events were binned in small W and θ bins. This raw yield was
corrected for the acceptance of the spectrometer in the bin (as
determined from detailed Monte Carlo simulations), detector
efficiencies, data acquisition live time, background contribu-
tions, and radiative corrections. A cross-section model was
then used to correct for the difference between this cross
section averaged over the θ bins and the value at the central
spectrometer angle, and the cross section for a specific W bin
was taken to be the weighted average of the values for the
different θ bins.

Radiative corrections include the bremsstrahlung, vertex
corrections, and loop diagrams standard to electron scattering
experiments. These corrections were calculated following the
prescription of Ref. [5], using structure function parametriza-
tions from [4,26] and form factors from [27]. No corrections
were made for higher order radiative processes involving two
photon exchange, since no complete inelastic calculations for
such effects. In addition, the impact on the extraction of σL
is enhance by a factor of order 1/R, which is much smaller
in this case (R ≈ 3) than for the high-Q2 elastic form fac-
tor extractions (R # 0.1) where large two-photon exchange
effects have been observed [28,29]. Moreover, our data set
significant limits on the presence of nonlinear contributions,
suggesting deviations from linearity below the 2% level over
the entire kinematic range of our measurement [30], consistent
with calculations that suggest that two-photon contributions
in resonance production are relatively small and nearly
linear in ε [29].

To minimize dependence on the model used to compute
both the bin centering and the radiative correction, the follow-
ing iterative procedure was employed: a starting model was
used to compute the corrections; the data thus obtained were
fit to obtain a new model and this resultant new model was
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FIG. 1. Representative Rosenbluth plots for the kinematics
indicated.

then employed to recompute the original corrections and re-
extract the cross sections. These steps were repeated until the
fitting yielded no further changes. Differing starting models
were used to verify that the final cross sections were indepen-
dent of the starting model within 0.6%. A positive byproduct
of this approach is the availability of a new resonance region
fit, including both resonances and nonresonant contributions,
which describes the data presented here to better than 3% [31].

Typical cross-section statistical uncertainties per energy
bin were less than 1% with systematic errors, uncorrelated
in ε, of 1.6% [24]. The total systematic scale uncertainty in
the cross-section measurements was 1.9%. The full cross-
section sample consisted of 32 scans across the mass-squared
range M2 < W 2 < 4 GeV2. Measurements at over 1,000
distinct W 2, Q2 and ε points were obtained, allowing for
longitudinal and transverse separations to be performed at 167
fixed W 2, Q2 values with typically between 3 and 5 ε points
in each separation.

The extractions of purely longitudinal and transverse cross
sections and structure functions were accomplished via the
Rosenbluth technique [32], where measurements are made
over a range in ε at fixed x, Q2, and the reduced cross section,
σr = dσ/' = σT + εσL = σT (1 + εR) is fit linearly with ε.
Here, ' is the transverse virtual photon flux in the electron-
nucleon scattering process. Both ε and ' were calculated from
the measured kinematic variables. The intercept of such a fit
gives the transverse cross section σT [and therefore the struc-
ture function F1(x, Q2)], while the slope gives the longitudinal
cross section σL, from which can be extracted the structure
functions R(x, Q2) and FL(x, Q2). Because R is determined
by the slope of the fit, relative to σT , the uncertainty in the
extracted value of R (and likewise, FL) is dominated by the
uncorrelated uncertainties in the cross sections versus ε. Typ-
ical example Rosenbluth plots are shown Fig. 1.

Prior to a separation being performed, data within a Q2

range of ±0.5 GeV2 and W 2 range of ±0.05 GeV2 for W 2 <
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Excellent control of systematic 
uncertainties required due to 1/De 
amplification
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SIDIS Cross Section

<latexit sha1_base64="x1Y8MbywttwJbg0UIkX3UTjOUdw="></latexit>
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Unpolarized cross section à requires 3 more degrees of freedom

X

Inclusive: structure functions depend just on x and Q2

SIDIS: structure functions depend on x,Q2, z, and PT
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Rosenbluth separations for SIDIS/Exclusive

Example from exclusive pion production 
(Fpi-2)

<latexit sha1_base64="x1Y8MbywttwJbg0UIkX3UTjOUdw="></latexit>
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L-T separation for meson production more 
complicated due to phi dependent terms

We’re most interested in sL and sT

Need to extract cross section at fixed x, Q2, z, and 
PT vs. f at each beam energy (e)

Need to perform multiparameter fit over all e 
settings à extract L, T, LT, TT terms 
simultaneously
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Example: Fπ Experiments
Fπ-1 (Fπ-2) ran in Hall C in 1997 (2003)

à Used SOS/HMS (well understood magnetic 
focusing spectrometers)

à Good control of kinematic offsets

Total ε uncorrelated (point-to-point)uncertainty 
~ 2%

Largest contributions
1. Model dependence (bin centering, radiative 

corrections)
2. Electron scattering angle 
 à 0.5 mrad
3. Acceptance 

Blok et al, Phys.Rev. C78 (2008) 045202

Even if systematic 
uncertainties small, final unc. 
on R can still be large
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Projected Uncertainties for Hall C 12 GeV Experiments

Most experiments use projected 
point-to-point uncertainties 
assumed in the proposal for the 
pion-LT experiments

Precision should be improved 
by new SHMS

à Acceptance and optics 
easier to understand than SOS

à Total ε-uncorrelated 
uncertainty = 1.7%
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R-SIDIS: Projected Uncertainties

• Projected uncertainties for R-SIDIS 
kinematics

• statistics typically 1% or better
• Point-to-point systematics as noted
• De always at least 0.3 

• What would be the impact if point-to-
point systematics were twice as large?



19

R-SIDIS: Projected Uncertainties

• Projected uncertainties for R-SIDIS 
kinematics

• statistics typically 1% or better
• Point-to-point systematics as noted
• De always at least 0.3 

• What would be the impact if point-to-
point systematics were twice as large?

• Impact on measurements of R 
significant sys=3%

sys=1.7%
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Limitations of Magnetic Focusing Spectrometers

PT=0.2 GeV (not visible)

x=0.2 Q2=2 GeV2 x=0.3 Q2=3 GeV2

PT=0.4 GeV

PT=0.6 GeV

Simulated, from PT-SIDIS experiment

Hall C Spectrometers can measure full f coverage over limited PT range 
à Measure large PT range over narrow range in f
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Limitations of Magnetic Focusing Spectrometers

co
s(
f)

p+ from p
p+ from d
p- from d
p- from p x=0.31, Q2=3 GeV2

x=0.3, Q2=4.1 GeV2

x=0.45, Q2=4.5 GeV2

PT (GeV)

Focusing spectrometers 
provide excellent control of 
systematic uncertainties

à Limited range of PT 
accessible with full f 
coverage

à L-T separation at large PT 
requires more input

PT-SIDIS: Phys.Rev.C 113 (2026) 3, 035205
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Preliminary R-SIDIS Multiplicities

±5 cm from the nominal target center. For every kinematic setting we take data with both the cryogenic
target and the dummy target, and then subtract the dummy contribution adjusting for the relative thickness
of the aluminum foils compared to the actual target cell. Figure 26 shows relative contribution of dummy
targets on a LD2 setting.

Once we have applied the appropriate corrections and subtracted all background contributions, we can
extract the SIDIS cross sections and multiplicities (ωSIDIS

ωDIS
).

Figure 26: Preliminary extracted SIDIS cross sections for ω
+ production on multiple targets and di!erent

z, pT combinations. Solid lines represent a functional M0 [1 +A cos(ε) +B cos(2ε)] as showed in (18) to
extract the azimuthal (εpq) dependence on model cross section

28

Julio Gil Gutierrez, UTK

PT=0.03 GeV PT=0.34 GeV
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Large Acceptance, High Luminosity Device
• Large acceptance device likely will 

have larger point-to-point systematics

• Precision measurements of 
interference terms [cos(f), cos(2f)] at 
large PT + large PT measurements with 
spectrometers allows access to R

• Good/uniform acceptance at large PT 
needed

• Systematic uncertainty for acceptance 
still important for interference terms à 
what can be achieved for these 
devices? 
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Large Acceptance, High Luminosity Device
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• Large acceptance device likely will 
have larger point-to-point systematics

• Precision measurements of 
interference terms [cos(f), cos(2f)] at 
large PT + large PT measurements with 
spectrometers allows access to R

• Good/uniform acceptance at large PT 
needed

• Systematic uncertainty for acceptance 
still important for interference terms à 
what can be achieved for these 
devices? 
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Summary
• Measurement of R in SIDIS (or any reaction) requires excellent control of 

point-to-point systematic uncertainties
– Ideal for magnetic focusing spectrometers à same acceptance for all 

settings
• Acceptance is limited to relatively small PT à perhaps up to 0.3 or 0.4 GeV

– Incomplete f coverage, can’t determine interference terms
– Limits PT range of L-T separations

• Large acceptance detector operating at high luminosity can allow access to 
cosf and cos2f interference terms à extend measurements of RSIDIS to large 
PT
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EXTRA
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Hall C SIDIS Experiments (charged and neutral pions)

11 GeV 
phase 
space

6 GeV 
phase 
space

E00-108: Meson Duality

E12-09-017: PT-SIDIS

E12-09-002: CSV-SIDIS

E12-06-104/E12-24-001: R-
SIDIS, Nuclear R-SIDIS

E12-13-007/E12-23-014: p0 
SIDIS, p0 R-SIDIS

+
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Multiplicities vs. z
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Pt dependence for <f>=180o

150o<f<210o


