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Overview
• Collinear valence structure of the nucleon

– Test of our understanding of bound-state QCD

• Unpolarized structure functions of the neutron
– Present landscape
– BONuS12 experiment at Jefferson Lab

• Future Facilities – what more can we do?
– JLab at 20+ GeV?

• Conclusions



Structure functions

“1-D” Parton Distributions (PDFs) 
(integrated over all transverse variables) 

q(x;Q2 ), h ⋅H q(x;Q2 )

h = ±1

• Important benchmarks for understand origin of 
mass and spin of hadrons

• Important as limiting cases and constraints for 
TMDs, GPDs etc.

• Large x: Stringent tests of pQCD, Lattice QCD, 
DS approach, and phenomenological models

– NN…LO + DGLAP
– Input for novel and mature PDF extractions
– Test of higher twist and target mass effects, resummation
– Quark-hadron duality 

• Important input for collider physics
• Input for investigations of modifications of quark 

distributions in nuclei
• Naïve Parton Model: F1(x) = 1

2 ei
2

i
∑ qi (x) and F2 (x) ≈ 2xF1(x)( )

Callan-Gross

At finite Q2: pQCD evolution - q(x,Q2) ⇒ 
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Unpolarized PDFs – high x
Nucleon Model F2

n/F2
p

X	→	1
d/u

	X	→	1

SU(6) Symmetry 2/3 0.5
Scalar diquark dominance 1/4 0
DSE contact interaction 0.41 0.18
DSE realistic interaction 0.49 0.28
PQCD 
(helicity conservation) 3/7 0.2

Figure 8. Comparison between the global-base, global-ite2-dw and global-ite2-sh global fits of proton
PDFs. The up, antiup, down and antidown PDFs, normalised to the global-base fit (left) and the
corresponding relative uncertainties (right) are shown at Q = 10 GeV. Dashed lines denote one sigma
uncertainties, while plain bands 68% confidence level intervals. The ReportEngine software [36] was
used to generate this figure.
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diquark

Parton Distribution Functions

• Large  at low  due to 
LHC data 

•  well constrained, except at 
very high  

• Suppressed , enhanced 
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CJ: PDFs at large x

Understand the behaviour of PDFs in the large-x region

A. Accardi, et al., PRD 93 (2016)
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x

A. Accardi, 
et al., PRD 
93 (2016) 

DSE	
contact

PQCD/
helicity

DSE	
realistic

SU(6)

CTEQ-JLab Collaboration

Main focus: Investigate the internal structure of nucleons in 
their valence region

Collinear factorization

Universality

DIS

pp collisions

p/d targets

Drell—Yan
W/Z production
jets

2

Unpolarized PDFs

https://arxiv.org/abs/2011.00009


Valence Region: Structure Functions for x®1
• Dominated by up and down valence quarks => quantum numbers of the nucleon
• Important for higher power xn moments => Mellin Moments, LQCD
• Related to high-Q2, moderate x through DGLAP => relevant for LHC Physics

• MANY predictions based on models, pQCD, DS equation and Lattice QCD *):

SU(6)-symmetric proton wave function in the “naïve” quark model:

In this model: d/u = 1/2, Du/u = 2/3, Dd/d = -1/3 for all x

Hyperfine structure effect in QM: S=1 suppressed => d/u = 0, Du/u = 1, Dd/d = -1/3 for x ® 1

pQCD: helicity conservation (qp) => d/u -> 2/(9+1) = 1/5, Du/u -> 1, Dd/d -> 1 for x ® 1

Other approaches: Dyson-Schwinger Equation, statistical models, pQCD + orbital angular 
momentum, AdS (Light-front holographic QCD)

 QUESTION : How to access d und u quark PDFs? One approach: d in proton = u in neutron
=> F2n/F2p = (4 d/u + 1) / (4 + d/u)

*) Moments, quasi-PDFs, pseudo-PDFs



High-x PDFs: Input for
 Collider experiments

Ex.: High-Precision Measurement of the 
W Boson Mass with the CDF II Detector 

56A. V. Kotwal, JLab Users Meeting, 6/14/22

Parton Distribution Functions
● Affect W boson kinematic line-shapes through acceptance cuts

● We use NNPDF3.1 as the default NNLO PDFs

● Use ensemble of  25 'uncertainty' PDFs => 3.9 MeV   

– Represent variations of eigenvectors in the PDF parameter space

–  compute δMW contribution from each error PDF

● Central values from NNLO PDF sets CT18, MMHT2014 and
NNPDF3.1 agree within 2.1 MeV of their midpoint

● As an additional check, central values from NLO PDF sets ABMP16,
CJ15, MMHT2014 and NNPDF3.1 agree within 3 MeV of their
midpoint

● Missing higher-order QCD effects estimated to be 0.4 MeV 

– varying the factorization and renormalization scales

– comparing two event generators with different resummation and
non-perturbative schemes. 

71A. V. Kotwal, JLab Users Meeting, 6/14/22

W Boson Mass Measurements from Different Experiments

SM expectation: M
W

 = 80,357 ± 4
inputs

 ± 4
theory

 (PDG 2020)
LHCb measurement : M

W
 = 80,354 ± 23

stat
 ± 10

exp
 ± 17

theory
 ± 9

PDF  
[JHEP 2022, 36 (2022)]  

Ashutosh Kotwal, Duke University 
Jefferson Lab Users Meeting June 14, 2022 
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Parton Distribution Functions
● Affect W boson kinematic line-shapes through acceptance cuts

● We use NNPDF3.1 as the default NNLO PDFs

● Use ensemble of  25 'uncertainty' PDFs => 3.9 MeV   

– Represent variations of eigenvectors in the PDF parameter space

–  compute δMW contribution from each error PDF

● Central values from NNLO PDF sets CT18, MMHT2014 and
NNPDF3.1 agree within 2.1 MeV of their midpoint

● As an additional check, central values from NLO PDF sets ABMP16,
CJ15, MMHT2014 and NNPDF3.1 agree within 3 MeV of their
midpoint

● Missing higher-order QCD effects estimated to be 0.4 MeV 

– varying the factorization and renormalization scales

– comparing two event generators with different resummation and
non-perturbative schemes. 
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The mass of the W boson, a mediator of the weak force between elementary particles, is tightly constrained
by the symmetries of the standard model of particle physics. The Higgs boson was the last missing
component of themodel. After observation of the Higgs boson, a measurement of theW bosonmass provides a
stringent test of the model. We measure the W boson mass, MW, using data corresponding to 8.8 inverse
femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera–electron
volt center-of-mass energy with the CDF II detector at the Fermilab Tevatron collider. A sample of approximately
4 million W boson candidates is used to obtain MW ¼ 80;433:5 T 6:4stat T 6:9syst ¼ 80;433:5 T 9:4MeV=c2,
the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty;
syst, systematic uncertainty; MeV, mega–electron volts; c, speed of light in a vacuum). This measurement
is in significant tension with the standard model expectation.

T
he observation of the Higgs boson (1–4)
at the LargeHadron Collider (LHC) (5, 6)
has validated the last missing piece of the
standard model (SM) (7–9) of elementary
particle physics. This model, which incor-

porates quantum mechanics, special relativity,
gauge symmetry, and group theory, currently
describes most particle physics measurements
with high accuracy. It postulates a number of

experimentally established symmetries among
particle properties, which tightly constrain the
parameters of the model from experimental
data (10). Given the current experimental preci-
sion and the predictive power of the SM, global
fits of themodel to the data render precise esti-
mates of fundamental parameters, such as the
mass of theW boson. As one of the mediators
of the weak nuclear force, this particle is a key

component of the SM framework. Itsmass, one
of the most important parameters in particle
physics, is presently constrained by SM global
fits to a relative precision of 0.01%, providing a
strongmotivation to test the SM bymeasuring
theWbosonmass to the same level of precision.
All fundamental particle masses, including

that of the W boson, are generated in the SM
through interactions with the condensate of
the Higgs field in the vacuum. The formation
of the condensate and the quantum excitation
of this field, the Higgs boson (2–4), are param-
etrized but not explained by the SM. A number
of hypotheses have been promulgated to pro-
vide a deeper explanation of theHiggs field, its
potential, and the Higgs boson. These include
supersymmetry—a spacetime symmetry relat-
ing fermions and bosons [(11) and references
therein]—and compositeness, in which addi-
tional strong confining interactions produce
the Higgs boson as a bound state [(12) and
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“For example, the cj15 set includes all Tevatron data on the W -charge asymmetry, as well as the lepton- charge asymmetry 
from W boson decays and quasi-free neutron scattering data from the Jefferson Lab BONuS experiment [95, 96] “



JLab@12 GeV d/u- the full program

Marathon
PhysRevLett.128.132003

Dark Symbols: W* > 2 GeV (x* up to 0.8, bin centered x* = 0.76)

Open Symbols: “Relaxed cut” W* > 1.8 GeV (x* up to 0.83)

…also: Additional data from ALERT and TDIS

Figure 18: Projected statistics of tagged neutron events for Fn
2 (left) and projected results for Fn

2 /F p
2 (right) in the

DIS region (Q2 > 1 (GeV/c)2, W 2 > 3.5 GeV2) with 5 days of beamtime (statistical uncertainties only).

comparison of F d
2 to F p

2 + Fn
2 , as shown in Ref. [24] and Fig. 3. Up to x ⇡ 0.7, we project a factor of 7

higher statistics than the projected BoNuS12 measurement [2].

5.3.2 Resonance region data

Figure 19: Estimated statistics of tagged neutron events in resonance region with 5 days of beam at various Q2 range;
spectra are with and without estimated resolution e↵ects.

Figure 19 shows the projected Fn
2 measurements as a function of W ⇤2 for 3 bins in Q2 to illustrate

23

Courtesy Arun Tadepalli

BONuS12:

NSAC 2015 LRP



Neutron Data Are Important…
…but hard to get

• Free neutrons decay in 15 min.

• Radioactivity! 

• Zero charge makes it difficult to create a dense target
Magnetic bottle: 103 - 104 n/cm2 [TU München]
Typical proton target: 4.1023 p/cm2 [10 cm LH] – 1014 p/cm2 [HERMES]

•=> Alternative Solution: Deuterons, Tritons and Helium-3…    
BUT: Nuclear Model Uncertainties: 
Fermi motion, off-shell effects (binding), structure modifications (EMC effect), 
extra pions/Deltas, coherent effects, 6-quark bags, FSI…

S. Arzumanov et al. / Physics Letters B 745 
(2015) 79–89
For the present neutron lifetime experiment, 
two options for the absorber height are used: 
Hd = 55 cm and Hd = 75 cm. The number of 
UCNs in the trap is equal respectively to ≈ 7.0 · 
104 and ≈13.7·104. 



KP-like model

+ valence sum rule

Constrain power of CJ dataset 
only up to x = 0.6

Kulagin and Petti, NPA 765 (2006)

Polynomial model

⇒

Alekhin, Kulagin, Petti, PRD 96 (2017)

Off-shell corrections

Accardi, et al., PRD 93 (2016)
Accardi, et al., PRD 107 (2023)

Alekhin, Kulagin, Petti, PRD 105 (2022)
Alekhin, Kulagin, Petti, PRD 107 (2023)

CJ: treatment of deuteron targets

11

Issues affecting extraction of d/u
• Higher twist/target mass correction

• Nuclear binding correction

Off-shell compensates n/p
Bias identified

Systematic “implementation” uncertainty
in a region of extrapolation

Case 1: isospin-independent HT

CJ fit: results

16
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CJ: treatment of deuteron targets
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BONuS12: pS < 0.1 GeV/c => 

Multiplier < 0.027

2.7% effect

Case 2: isospin-dependent HT

Compatible n/p

Theory expectations confirmed!

Bias removed
No need of compensation by off-shell

CJ fit: results
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Case 2: isospin-dependent HT

Compatible n/p

Theory expectations confirmed!

Bias removed
No need of compensation by off-shell

CJ fit: results

18

CJ fit: results
Case 1: isospin-independent HT

Artificially large n/p
BUT smaller d/u than Mult

Off-shell compensates n/p
Bias identified
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BONuS12 with CLAS12 (Run Group F in 2020)

RTPC

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

F2n/F2p through spectator tagging



Modifications to 
Simple Spectator 

Picture

Final State Interactions

“BoNuS”

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).



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 Kinematics
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Data vs. MC : D(e,e’)X and D(e,e’ps)X
• Full GEMC simulation of both tagged and inclusive spectra with detailed implementation of RTPC 
• Generator: PWIA spectator model with 2014 Bosted/Christy fit to world data for F2n and F2d, AV14 D wave function, 

relativistic motion of struck nucleon, and equivalent radiator method for internal rad. effects

Inclusive e-  kinematics -- MC. Data
-- Exp. Data
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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

D. Biswas et al., arXive hep-ex 2409.15236

https://arxiv.org/abs/2409.15236
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Future: JLab at 20+ GeV?

• Halve distance to x = 1, higher Q2: Definite determination of 
asymptotic limit… *)

• …AND to x = 0 => Study “valence” sea quarks (pion cloud)
• Increase Q2 range for all x -> DGLAP => Study “valence” gluon 

helicity
• Even for same x, Q2: higher energy -> higher rates -> better 

statistics
• (Super)Rosenbluth – expand range in e for fixed x, Q2 => R, g2, A2

• Extend flavor tagging with SIDIS to higher x, Q2: 
• Issues: Still need to deal with nuclear uncertainties.

*) Higher Q2: Suppress higher twist, study logarithmic resummation

22-24 GeV CEBAF FFA 
Energy Upgrade

Alex Bogacz J-FUTURE Workshop
Jefferson Lab / Messina University



Conclusions
• Structure functions in the valence region remain of high theoretical 

interest and provide crucial input to precision collider experiments
• Jefferson Lab at 12 GeV is starting to have significant impact on our 

understanding of this region
• Jefferson Lab at 22 GeV can expand the coverage in x from 0.8 to 

0.9 and more than double the range in Q2, thereby minimizing the 
extrapolation to x -> 1.

• Essential ingredient: Extract neutron (polarized) structure functions 
from measurements on nuclei (d, 3He) => we must understand the 
EMC effect in detail.

• Vice versa, only precise data on the neutron can help us pin down 
nuclear binding effects across the periodic table


