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Overview

•Motivation

• (Barely) Offshell Nucleon Structure  ->  Spectator Tagging 
•Minimizing Theoretical Uncertainties
• Low-Momentum Spectators in the Lab
• From 6 -> 12 (-> 22?) GeV
• EIC
• Conclusion



• The 1D world of nucleon collinear structure:
– Take a nucleon
– Move it real fast along z
⇒ light cone momentum 
     P+ = P0 + Pz (>>M)

– Select a “parton” (quark, gluon) inside
– Measure its l.c. momentum

p+ = p0 + pz (m≈0)
– ⇒ Momentum Fraction x = p+/P+ 

*)

– In DIS **): p+/P+ ≈ x = (qz - n)/M  ≈ xBj = Q2/2Mn
– measure Probability: 

Humongous data set on the proton; no DIS data on the neutron
Neutron very desirable since dp ≈ un ® flavor separation (isospin)
Workaround: neutrons bound in nuclei
Drawback: obscured by binding effects (e.g., EMC effect)

*) Advantage: Boost-independent along z
**) DIS = “Deep Inelastic (Lepton) Scattering; here assuming target rest frame

f i1(x), i = u,d, s,...,G

z

Collinear Parton Distributions of the Nucleon
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Global QCD fits
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● pQCD factorization & universality:

can fit PDFs to a variety of hard scattering data
○ Hadron-hadron collisions

⟶ Jets

⟶ Electro-weak 

boson production

○ Electron-proton DIS

○ Electron-Deuteron DIS
 

● >1000‘s data points
 

● 40+ years of experience, 
○ “High-energy” fitters:

⟶ CTEQ-TEA, MMHT, NNPDF, HERAPDF

○ Lower-energy / nuclear focus:

⟶ CTEQ-JLab, AKP, ABMP, JAM

pQCD calc.

PDFs (from DIS fits)
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(f1
u º u(x) etc.) 



Why neutron data (esp. at high x)?
• Neutron and proton related via isospin rotation: 

replace up ® dn and un ® dp => using experiments 
with protons and neutrons one can extract 
information on u and d in the valence quark region: 

high x:

• EMC effect: We can only gain high-precision 
understanding if we can compare the NUCLEAR 
structure functions to a prediction from PROTON 
and NEUTRON structure functions and a 
microscopic model of the nucleus. (We need to get 
away from defining “EMC ratio = F2A*2/A*F2D”)

• To correct nuclear data for EMC effect, must 
consider that it affects p and n (and/or u and d) 
differently in different (non-isoscalar) nuclei

€ 

F2n
F2p

≈
1+ 4d /u
4 + d /u

⇒

€ 

d
u
≈
4F2n F2p −1
4 −F2n F2p



High-x PDFs: Input for
 Collider experiments
Ex.: High-Precision Measurement of the 
W Boson Mass with the CDF II Detector 
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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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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)]  
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Parton Distribution Functions
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● Use ensemble of  25 'uncertainty' PDFs => 3.9 MeV   
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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

RESEARCH
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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] “
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Light quarks and anti quarks

● d/u 
○ CJ15 was biased upwards

○ CJ22 agrees with AKP 

23

anticorrelation

● db/ub 
○ pulled up by SeaQuest

○ Naturally relaxes to 1 at large x 

Present Knowledge of d/u (x® 1)
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

Scalar	qq

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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Light quarks and anti quarks

● d/u 
○ CJ15 was biased upwards

○ CJ22 agrees with AKP 
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anticorrelation

● db/ub 
○ pulled up by SeaQuest

○ Naturally relaxes to 1 at large x 
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CJ22: new light antiquark parametrization
● CJ15:

   

○ Large x: tends to 1 from above

○ Shape “hugs” E866 data

● CJ22: follows CJ15-a, reverts back to CJ12 param:

○ Unconstrained x→1 limit

○ Free        instead of fixing 

○ More flexibility    

19

more data, fix extra parameters  

sensitivity to db/ub ←→ d/u anticorrelation

Accardi et al., PLB 801 (2020) 135143 

Accardi et al., PRD 93 (2016) 11

https://arxiv.org/abs/2011.00009


LRP 2015: Projected results from JLab@12 GeVProjected 12 GeV d/u Extractions
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Phys. G (2023) 104515
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Spectator Tagging – BONuS

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

pn = MD −E S ,−
pS( ) ;αn = 2−αS

W *2 = pn + q( )2 =M *2 +2 (MD −Es )ν −
pn ⋅
q( )−Q2

≈ M *2 +2Mν (2−αS )−Q
2

€ 

x =
Q2

2pn
µqµ

≈
Q2

2Mν (2−αS )

M *2 = pn
µ pnµ

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

9

*

aS = light cone momentum fraction of spectator nucleon

Measurement from BoNuS 2005

Inclusive 

W 
2 = M 

2 + 2 M n - Q 
2

Spectator proton 
detected in the
BONuS 12
Radial Time  
Projection 
Chamber (RTPC)



“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).

C. Weiss

Final State Interactions

Modifications 
to Simple 
Spectator 
Picture



BONuS12 withCLAS12

- CLAS12 Forward Detector:
    → Superconducting Torus magnet.  
    → 6 independent sectors:
         → HTCC
         → 3 regions of DCs
         → LTCC /RICH
         → FTOF Counters
         → PCAL and ECs
 
   - Central Detector:
   → Solenoid (3.5 - 4 T)
     → Target: D gas @ 6 atm, 293 K
      → BONuS12 RTPC
      → FMT
      → CTOF, and CND

e-  d → e- p X

RTPC

February – March 2020 | MEDCON6 | August-September 2020

BONuS12
RTPC



BONuS12 RTPC
→  Active length:  40 cm 

→  Radial drift distance:  4 cm

→  Drift gas He/CO2 (80/20)

→  3 GEM amplification layers

→  16 HV sectors per GEM  

      (Segmented in f)

→  Pad readout: 2.8 mm x 4 mm 

           

        => 17,280 channels

Beam

e’ to CLAS12

GEM layer

- Pad position + Time + drift path → hit position

FEU electronics → Signal height vs. Time bin

- integrated signal + 
pad gains (Gi)    →

=> track reconstruction 
  vertex + momentum vector

Target 5.6 

atm D2

Spectator p

Readout 
Pads



GEM foil wrapping and gluing

Automated epoxy 
application

Installation of 
Cathode / ground 
assemblyReadout board 

being installed on 
triple-GEM 
assembly

1st GEM layer lowered onto 
chamfer plate assembly 
utilizing self-alignment jig 

Wrapped Padboard 
inner surface

RTPC Assembly @ 
Hampton U. In 
Collaboration 
with ODU & JLab  

All GEM layers installed



Run 12736 Summer – D2 target, 
10.4 GeV

GEMC simulation

Reconstructed Tracks



BONuS12 – Quality Checks
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Figure 18: Elastic events.
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MC vs. Data

Red: real data
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BONuS12 – 10.4 GeV Data sample
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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



Spectator tagging with colliding beams

5Light nuclei: Spectator tagging with EIC

Spectator moves forward in ion beam direction

[Collider frame view]

beam

D

process
inelastic

ion

electron
beam

e

deep−

detected
spectator
forward

p, n

e’

Longitudinal momentum controlled by light-cone fraction:

Conserved under boosts

Given in deuteron rest frame by  
Ep + pz

p

MD
≈ 1

2 (1 +
pz

p

m )
 P∥p ≈ PD

2 (1 +
pz

p

m )Longitudinal momentum in detector

Far-forward detectors

Advantage over fixed target: No target material, can detect 
spectators with rest frame momenta down to ~zero
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Figure 1: (a) Conditional DIS on the deuteron, e + D → e′ + p + X. (b) Neutron pole at t = M2
N

arising from the impulse approximation diagram. (c) Simulated measurement of the recoil momentum
dependence with MEIC and on-shell extrapolation t → M2

N [14]. The plot shows the conditional structure
function, with the pole factor 1/(M2

N − t)2 and the residue removed, as a function of the off-shellness
M2

N − t calculated from the measured proton recoil momentum. The error bars indicate the expected
statistical errors. The three sets correspond to measurements in different intervals of the recoil light–cone
momentum fraction αR.

2 Neutron structure with spectator tagging

The basic method for extracting the free neutron structure function with spectator tagging is
described in Ref. [16] (see Fig. 1). One measures the cross section of conditional DIS e + D →
e′ + p+X as a function of the recoil proton momentum, parametrized by the light–cone fraction
αR ≡ 2(ER + pzR)/(ED + pzD) and the transverse momentum pRT , defined in a frame where the
deuteron momentum pD and the q vector are collinear and along the z–direction (see Fig. 1a). A
key variable is the invariant 4–momentum transfer between the deuteron and the recoil proton,
t ≡ (pR − pD)2, calculated from αR and pRT . As a function of t the scattering amplitude has a
pole at t = M2

N , which arises from the impulse approximation diagram of Fig. 1b and corresponds
to “neutron exchange” in the t–channel. The residue at the pole is, up to a constant factor
representing deuteron structure, given by the structure function of the free neutron, evaluated
at the argument x̃ = x/(2 − αR), where x = Q2/(pDq) is the scaling variable with 0 < x < 2.
2 It can be shown that nuclear binding and final–state interactions only affect the amplitude at
M2

N − t > 0, but not the residue at the pole [16].

2The variables are defined such that in the absence of nuclear binding αR = 1, and x = x̃ coincides with the
usual scaling variable for scattering from a free nucleon.
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described in Ref. [16] (see Fig. 1). One measures the cross section of conditional DIS e + D →
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αR ≡ 2(ER + pzR)/(ED + pzD) and the transverse momentum pRT , defined in a frame where the
deuteron momentum pD and the q vector are collinear and along the z–direction (see Fig. 1a). A
key variable is the invariant 4–momentum transfer between the deuteron and the recoil proton,
t ≡ (pR − pD)2, calculated from αR and pRT . As a function of t the scattering amplitude has a
pole at t = M2

N , which arises from the impulse approximation diagram of Fig. 1b and corresponds
to “neutron exchange” in the t–channel. The residue at the pole is, up to a constant factor
representing deuteron structure, given by the structure function of the free neutron, evaluated
at the argument x̃ = x/(2 − αR), where x = Q2/(pDq) is the scaling variable with 0 < x < 2.
2 It can be shown that nuclear binding and final–state interactions only affect the amplitude at
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N − t > 0, but not the residue at the pole [16].

2The variables are defined such that in the absence of nuclear binding αR = 1, and x = x̃ coincides with the
usual scaling variable for scattering from a free nucleon.
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Conclusion
• Few-body nuclei (D and 3He/3H) continue to be “neutron targets of choice” – needed to study 

valence structure of nucleons
• Interpretation of results complicated by off-shell effects, possible structure modifications and 

final state interaction…
• …but we can also learn a lot about NN interaction and few-body nuclear structure by studying 

these effects (large kinematic coverage)
• New, more precise theoretical calculations are becoming available and can be tested 

experimentally 
• Spectator tagging allows us to minimize binding effects or study them in detail
• Radial Time Projection Chambers have proven their value
• BONuS12 had successful Physics run -> stay tuned for F2n, d/u, nDVCS…
• Lots more experiments at 12 GeV – ALERT, TDIS, BAND, LAD
• Can be extended to 22 GeV
• Future of spectator tagging: EIC


