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Overview

• Quick reminder: WHY F2
n? HOW?

• Low momentum spectator tagging on the Deuteron
– Radial Time Projection Chamber (slow proton detector)
– Data Set collected with RG-F (BONuS12)
– Simulation
– Analysis

• Preliminary Results
• Conclusions



SFs at large x – why?

• From DPF/DNP Community Meeting 5/22/26:



d(x) even less well known
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Figure 4: Upper panel – A. Ratio of light antiquark DFs. Data from Ref. [67,
E906]. Solid purple curve: result obtained from the valence-quark DFs in
Fig. 2B after evolution to ⇣2 = ⇣2SQ = 30 GeV2. Lower panel – B. Neutron-to-
proton structure function ratio. Data: open grey squares [68, BoNuS]; and gold
asterisks [69, MARATHON]. Solid purple curve: result obtained from valence-
quark DFs in Fig. 2B after evolution to ⇣ = ⇣3. Other predictions: green star –
helicity conservation in the QCD parton model [8, 29, 70]; red diamond – con-
tinuum Schwinger function methods [71]; and retaining only scalar diquarks in
the proton wave function, which produces a large-x value for this ratio that lies
in the neighbourhood of the filled circle [72, 73]. (Both panels: narrow band
bracketing each curve expresses response to ±5% variation in ⇣H ).

our results match at the level of 1.7(1.5)�. This quantitative
similarity also extends to the c quark: we find hxi⇣2cp

= 1.32(5)%,
hxi
⇣3
cp
= 1.82(6)%, which may respectively be compared with

the values 1.7(4), 2.5(4)% in Ref. [65, Fig. 60]. Such an ar-
ray of correspondences is noteworthy because our results are
predictions, derived from the pion and proton wave functions
in Refs. [43, 44, 46], using only one free parameter, viz. g in
Eq. (10) to introduce an asymmetry of antimatter in the proton.

Potentially drawing a line to the notion of intrinsic charm
[85], it is worth highlighting that our approach yields hxi⇣=Mc

c =
0.64(3)% in both the pion and proton. Regarding the pion, noth-
ing is known about this momentum fraction; and in the proton,
phenomenological estimates are inconclusive, ranging from 0-
2% [65, Fig. 59]. Notwithstanding the size of these calculated
fractions, we stress that S c

⇡,p(x) have sea-quark profiles.
We have shown that contemporary CSM results for pro-

ton and pion ⇣ = ⇣H valence DFs, obtained from symmetry-
preserving analyses and used as initial values for evolution
according to proposition P1, yield predictions for the point-
wise behaviour of all proton and pion ⇣ > ⇣H DFs (valence,

sea, glue) that are consistent with QCD expectations, including
those described in connection with Eq. (1). In contrast, extant
phenomenological fits to relevant data are inconsistent with one
or more of these constraints. Consequently, such fits cannot
serve as a reliable foundation for evaluating the validity of evo-
lution schemes such as that described in Sect. 2. In large part,
this explains conclusions drawn elsewhere [86]. Future such
studies should be built upon improved DF fits and use an ef-
fective charge that excludes a Landau pole and so furnishes an
infrared completion of QCD.

4. Perspective. Beginning with hadron-scale proton and pion
valence distribution functions (DFs) obtained using symmetry-
preserving treatments of the continuum bound-state problem
and assuming only that there is an e↵ective charge which de-
fines an evolution scheme for parton DFs that is all-orders ex-
act, we delivered a unified body of predictions for all proton and
pion DFs – valence, glue, and four-flavour-separated sea. No-
tably, within mesons and baryons that share a familial flavour
structure, this evolution approach entails that the hadron light-
front momentum fractions carried by identifiable, distinct par-
ton classes are the same at any scale. Notwithstanding that,
providing a measurable expression of emergent hadron mass,
the pointwise behaviour of the distributions is strongly hadron-
dependent: at any resolving scale, ⇣, those in the pion are the
hardest (most dilated). The framework’s viability was illus-
trated by comparisons with the x-dependence of modern data,
results from lattice-regularised QCD, and also Mellin moments
computed using contemporary phenomenological DF fits.

Of particular significance is the result that all DFs calcu-
lated herein comply with QCD constraints on endpoint (low-
and high-x) scaling behaviour. In our view, only after impos-
ing these constraints on future phenomenological fits to rele-
vant scattering data will it be possible to draw reliable pic-
tures of hadron structure. This will be especially important
for attempts to expose and understand the di↵erences between
Nambu-Goldstone bosons and seemingly less complex hadrons.

Although the Poincaré-covariant pion wave function used
herein is sophisticated, having been validated through numer-
ous applications, that of the proton is an Ansatz informed by
modern continuum Schwinger function analyses. It is therefore
worth repeating this study using a refined form. One may also
expect that, in the longer term, the analysis herein could be un-
dertaken using direct solutions of a three-body Faddeev equa-
tion for the proton [87, 88], raising the proton wave function to
the same level as that of the pion.
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8 Chapter 1. Neutron Structure at Large x

Fp
2 (x) = x ∑

q
e2

q (q(x) + q̄(x)) → x
(

4
9

u(x) +
1
9

d(x)
)

. (1.1)

While assuming isospin symmetry, i.e., u in proton is d in neutron and vice versa, Fn
2 can be

written as

Fn
2 (x) → x

(
4
9

d(x) +
1
9

u(x)
)

. (1.2)

Therefore, the measurement of the neutron structure function, Fn
2 , is required in order to

precisely determine the d distribution. In particular, the d/u ratio can be determined in the naive
Quark-Parton Model (QPM) from the ratio of neutron to proton structure functions,

Fn
2

Fp
2

→ 1 + 4d/u
4 + d/u

, (1.3)

provided x ↑ 0.4 (and moderate to high Q2) so that the sea quark content can be neglected.
These kinematics are within reach for measurements at Jefferson Lab with its 11 GeV electron
beam energy.

1.2 Spectator Tagging

The principle for measuring the proton-tagged neutron structure functions in semi-inclusive deep
inelastic scattering from deuterium is shown in Fig. 1.1. The detection of a slow recoiling spectator
proton in the backward hemisphere will allow the resolution of the ambiguities introduced by
nuclear model dependence for deep-inelastic, as well as (quasi-)elastic, scattering [3, 4, 5, 6].
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Figure 1.1: The leading order Feynman diagram of the electron-neutron DIS reaction using the
spectator tagging on deuterium. The diagram shows the scattered electron and the spectator
proton detection systems during RG-F experiment.

Within the nuclear impulse approximation, in which the inelastic scattering takes place in-
coherently on individual nucleons, the differential semi-inclusive cross section can be written
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QUESTION : How to access d und u quark PDFs? 
One approach: Isospin symmetry => 
d(x) in proton = u(x) in neutron  =>

F2n also CRUCIAL to interpret EMC effect

BONuS6

Marathon

JAM 2026: JLAB-THY-26-4687, ADP-26-11/T1308

https://arxiv.org/abs/2011.00009


Spectator Tagging
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BONuS12 with CLAS12 (Run Group F in 2020)

RTPC

spectator 
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Modifications to 
Simple Spectator 

Picture

Final State Interactions

“
B

O
N

uS
”

Binding Effects =>

cos Θpq

Target Fragmentation

Ciofi degli Atti and Kopeliovich, Eur. Phys. J. A17(2003)133

Palli et al, PRC80(09)054610

W. Melnitchouk, A.W. Schreiber and A.W. Thomas, 

Phys. Lett. B335, 11 (1994); Phys. Rev. D 49, 1183 (1994).

C. Weiss

DEEPS
BAND
LAD



BONuS12 Radial Time Projection Chamber

Beam

e’ to CLAS12

GEM layer

Target 5.6 atm D2

Spectator p

Readout Pads

Wrapped Padboard 
inner surface

GEM foil wrapping 
and gluing

Installation of Cathode 
+ ground foil assembly



BONuS12 Data
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MC SIMULATION
• Full CLAS12 Geant-based MC (GEMC) with pure IA spectator model input 

• Large Lorentz angle => RTPC was at the limit where it could be operated efficiently
• Large efficiency drop at higher momenta (low ionization density)
• Very irregular efficiency as function of azimuthal angle. 

• => Apply “ad-hoc” efficiency correction. (Good news: Final results nearly unaffected!)

Measured 
counts

MC 
prediction

Momentum dependence fp - dependence p vertex-dependence



Solution
Apply ”efficiency correction” as function of pp/qp and vzp vs. fp

• In any case, our method does 
NOT rely on absolute efficiency

• The entire efficiency correction 
affects the final result by only up 
to 2%

• After correction, simulated and 
measured data agree well in 
absolute magnitude



Data vs. MC: D(e,e’ps)X
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FIG. 3. The cross section ratio, �D/�H , as a function of x for SHMS spectrometer angles of 25, 29, 33, and 39 deg. To first
order, the cross section ratio is equal to the F2 structure function ratio. The Q2 range of each setting is indicated in each panel.

taken on two aluminum targets placed at the same lo-
cation as the cryogenic entrance and exit windows. A
target density correction was applied to account for a lo-
cal change in density due to heating from the electron
beam. A series of dedicated measurements at various
currents up to 80 µA were performed and the charge
normalized yields were plotted vs beam current. The
density reduction for the hydrogen (deuterium) target
was 2.55 ± 0.74 %

100 µA
(3.09 ± 0.84 %

100 µA
). For further

details of the analysis see [25–30].

Electrons produced by charge symmetric backgrounds,
mainly from neutral pion production (e.g. ⇡

0 ! ��
⇤ !

�e
+
e
�), in which the photon decays into a positron and

an electron were included in the Monte Carlo yield. This
background was measured by reversing the spectrome-
ters’ magnet polarity to measure the positron yield for
both hydrogen and deuterium targets. The background
was parameterized with a two parameter fit as a func-
tion of E0. Due to beam time constraints, positron data
was acquired for only three of the five angular settings.
To circumvent this limitation, the positron yield was pa-
rameterized as described in [31]. The parameterization
was then used to extrapolate the positron yield to the
kinematic settings where measurements were not avail-
able. For x > 0.6, the background contribution to the
measured cross-section was less than 1% and rose to 30%
with decreasing x at the 39 degree angle setting. Ad-
ditionally, the measured positron yield per nucleon was
identical for both targets, canceling out in the ratio.

Error Pt. to Pt (%) Correlated (%)

Statistical 0.5� 5.4(2.9)

Charge 0.1� 0.6

Target Density 0.0� 0.2 1.1

Livetime 0.0� 1.0

Model Dependence 0.0� 2.6(1.2)

Charge Sym. Background 0.0� 1.4

Acceptance 0.0� 0.6(0.3)

Kinematic 0.0� 0.4

Radiative Corrections 0.5� 0.7(0.6)

Pion Contamination 0.1� 0.3

Cherenkov E�ciency 0.1

Total 0.6� 5.4(2.9) 1.2� 2.9(2.1)

TABLE I. The error budget for the cross–section ratio �D/�H .
The error after a cut of W 2 > 3 GeV2 is shown in parenthe-
sis, which is a typical cut applied to eliminate the resonance
region while performing PDF fits.

The uncertainties in the deuterium to hydrogen cross–
section ratio �D/�H , shown in Table I, are divided into
two categories, uncorrelated point-to-point and corre-
lated. An overall normalization uncertainty of 1.1% due
to uncertainty in the target density is included in the
correlated error. The target density error includes uncer-
tainties from the target temperature and pressure, mea-
sured length, thermal contraction, the equation of state
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Nucleon structure functions, as measured in lepton-nucleon scattering, have historically provided a
critical observable in the study of partonic dynamics within the nucleon. However, at very large parton
momenta, it is both experimentally and theoretically challenging to extract parton distributions due to the
probable onset of nonperturbative contributions and the unavailability of high-precision data at critical
kinematics. Extraction of the neutron structure and the d quark distribution have been further challenging
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BONuS12 Near-Final Results



Why the discrepancy? Backgrounds?
POTENTIAL SOURCES OF 
BACKGROUND:
• 4He contamination in all targets (semi-

permeable straw, 4He buffer volume) √
• Other gases (AIR!) from backflow while 

purging ?
• POTENTIALLY: Beam (halo) interacting 

with target straw walls (? Unlikely)



Why the discrepancy? Backgrounds?

NOTE: Since all data (Superratios) are normalized to 
x* = 0.3, this has zero effect on data below x* = 0.4 
and only a 2% reduction of data above x* = 0.4.

4He tagged dataBackward protons from H2 target 
(impossible!)



Other systematic uncertainties

D(e,e’) Inclusive Data 
divided by MCH(e,e') data divided by MC

H(e,e') divided by D(e,e') Data/MC



Conclusions
• Spectator Tagging SOUNDS like a clean way to access 

neutron structure functions (AND nucleon modifications).
• BONuS12 data have been collected in 2020 and have 

been scrutinized for 5 years – no “smoking gun” found
• Analysis under collaboration review (some outstanding 

issues remaining)
• BUT: Preliminary results from BONuS12 deviate from 

model expectations and other measurements
• DO WE NEED TO REVISIT THE THEORY OF 

SPECTATOR TAGGING?
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Large Tracts of Data:

Need Theory Help for 
Interpretation of Inclusive results

With apologize to Nadia Fomin 
from whom I stole this meme…


