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! Introduction
! Proton charge radius
! SIDIS@SoLID, tensor charge, and EDM 
!Double polarized photodisintegration of 3He and 

Gerasimov-Drell-Hearn (GDH) sum rule
! Summary
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Proton Charge Radius and the puzzle 
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• Proton charge radius:
1. An important quantity for proton
2. Important for understanding how QCD works
3. An important physics input to the bound state 

QED calculation, affects muonic H Lamb shift 
(2S1/2 – 2P1/2) by as much as 2%, and critical in 
determining the Rydberg constant

• Methods to measure the proton charge radius:
1. Lepton-proton elastic scattering (nuclear physics)

! ep elastic scattering (Mainz-A1, PRad,..)
! 𝛍p elastic scattering (MUSE, AMBER) 

2. Hydrogen spectroscopy (atomic physics)
! Ordinary hydrogen
! Muonic hydrogen

! Important point: the proton radius measured in lepton 
scattering defined the same as in atomic spectroscopy 
(G.A. Miller, 2019)

< r2 > = −6 dG(q
2 )

dq2
|
q2=0

The proton radius puzzle
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The proton rms charge radius measured with

electrons: 0.8751 ± 0.0061 fm

muons: 0.8409 ± 0.0004 fm

RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).

Randolf Pohl JLab / W&M, Jan. 20, 2017 3



Electron-proton elastic scattering
• Unpolarized elastic e-p cross section (Rosenbluth separation)

• Recoil proton polarization measurement (pol beam only)

• Asymmetry (super-ratio) measurement 
(pol beam and pol target)
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Hydrogen Spectroscopy

The absolute frequency of H energy levels has been measured with an accuracy of 1.4 
part in 1014 via comparison with an atomic cesium fountain clock as a primary 
frequency standard.
Yields Rydberg constant R∞ (one of the most precisely known constants)

Comparing measurements to QED calculations that include corrections for the finite 
size of the proton can provide very precise value of the rms proton charge radius 
Proton charge radius effect on the muonic hydrogen Lamb shift is 2%
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Muonic hydrogen Lamb shift at PSI (2010, 2013)

2013: rp = 0.84087(39) fm, 2010 value is rp = 0.84184(67) fm
A. Antognini et al., Science 339, 417 (2013)       R. Pohl et al., Nature 466, 213 (2010)     7



Electron-proton Scattering – Mainz A1 experiment

– Large amount of overlapping data sets
– Cross section measurement
– Statistical error  ≤ 0.2%
– Luminosity monitoring with spectrometer
" Q2 = 0.004 – 1.0 (GeV/c)2

result: rp =0.879(5)stat(4)sys(2)mod(4)group

(J. Bernauer)

J. Bernauer, PRL 105, 242001 (2010) 5-7σ higher than muonic hydrogen result !

Measurements @ Mainz



JLab Recoil Proton Polarization Experiment

Ee: 1.192GeV
Pb: ~83%

BigBite

• Δp/p0: ± 4.5% ,
• out-of-plane: ± 60 mrad
• in-plane: ± 30 mrad
• ΔΩ: 6.7msr
• QQDQ
• Dipole bending angle 45o

• VDC+FPP 
• Pp : 0.55 ~ 0.93 GeV/c

LHRS

• Non-focusing Dipole 
•Big acceptance. 

•Δp: 200-900MeV
• ΔΩ: 96msr

• PS + Scint. + SH
9

X. Zhan et al. Phys. Lett. B 705 (2011) 59-64

" Q2 = 0.3 – 0.7 (GeV/c)2

" rp =0.875±𝟎. 𝟎𝟏𝟎 𝐟𝐦
(global analysis not including
Mainz A1)



The situation on the Proton Charge Radius in 2013 

This proton charge radius puzzle triggered intensive experimental and 
theoretical efforts worldwide in the last decade or so
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linear in w and of amplitude a, accounts for the
resonance of interest sitting on the far-reaching
Lorentzian tail of the perturbing resonance. The
dispersive-shaped third term stems from the non-
Lorentzian cross term and accounts for the quan-
tum interference between the resonances, with
the dependence of the cross term on the detec-
tion geometry now absorbed in the amplitude b.
For a typical fluorescence-detection geometry,
the line shifts caused by the coherent third
termmay be much larger than the ones caused
by the incoherent second term.
The emergence of asymmetric line shapes be-

cause of interference between a resonant and a
nonresonant process is perhaps best known
from Fano resonances (30), where a background
and a resonant scattering process interfere. It
should not then be surprising that Eq. 3 is very
similar to the line shape of Fano resonances.
Neglecting the influence of the perturbing

resonance and thus the quantum interference
between the resonances, e.g., by a fit of the spec-
trum Pðw; r→Þ with a single Lorentzian, leads to
apparent shifts of the determined line center of
approximately (28)

Dw ¼ bG2

4C
þ aG4

8C
≈% D

→

0 & D
→

1

2D2
0

G2

D

þ O G4

D3

! "
ð4Þ

Typical values of G2/D are on the order of 10–2 G
for the transitions listed for H in Fig. 1. This is
one order of magnitude larger than the proton
radius discrepancy, which amounts to about 10–3

G or less for all individual 2S-nl measurements
in Fig. 1. However, these measurements do not
detect the emitted radiation (but rather the
surviving 2S population), which diminishes the
effect of quantum interference drastically at
the cost of a reduced signal-to-noise ratio. The
second term in Eq. 4, which stems from the term
proportional to a in Eq. 3, is much smaller (on
the order of 10–6 G) and may be safely ignored at
this point. Importantly, the shift changes sign
when exchanging D

→

0 and D
→

1 and replacing D
with –D, i.e., the two resonances always shift in
opposite directions. Thus, by combining mea-
surements of both resonances with appropriate
weights, the shift may be drastically reduced or
even canceled, a fact we will make use of below.

Atomic line shape model

For the 2S-4P transition in H, the role of the
mutually perturbing resonances is played by the
two dipole-allowed transitions to the fine struc-
ture components of the excited state, 2S-4P1/2
and 2S-4P3/2 (Fig. 2). Somewhat analogous to
Young’s double-slit experiment, the atom can
coherently evolve from the initial 2S state, through
any of the two 4P fine structure components, be-
fore finally reaching the 1S ground state. Given
the separation between the two components, D =
106 × G, and the natural line width, G = 2p ×
12.9 MHz, Eq. 4 predicts apparent, geometry-
dependent line shifts of up to ~120 kHz. With
our large solid angle detectors, the maximum

shift is reduced to 45 kHz, corresponding to five
times the proton radius discrepancy.
One way to model this shift is to perform elab-

orate simulations of the entire experiment by
numerical integration of the optical Bloch equa-
tions (OBE), including all relevant intermediate
states and, importantly, the often-neglected cross-
damping terms between them leading to quan-
tum interference (18, 20, 22–26). The results of
this simulation then have to be evaluated for the
experimental geometry, a requirement that may
be difficult to meet with sufficient accuracy. For
the 2S→{4P1/2, 4P3/2}→1S excitation spectrum
considered here, this simulation consists of a
total number of 2707 coupled, complex-valued
ordinary differential equations. We have per-
formed such anOBE simulation of the experiment
using high-performance computation resources
provided by the Max Planck Computing and

Data Facility. By taking into account our exper-
imental geometry with a sophisticated model,
including particle tracing of the detected photo-
electrons, the simulation is able to explain the
measured data very well (see dashed line in Fig. 4,
A and B). However, it is challenging to reliably
estimate the uncertainty of the modeling of the
detection geometry that dominates the simula-
tion uncertainty.
Realizing that the natural line shape of the

2S→{4P1/2, 4P3/2}→1S excitation spectrum can
also be parametrized according to Eq. 3, a much
simpler data analysis is possible. This only re-
quires one additional free parameter, b/C, which
encodes the experimental geometry (we have
dropped the negligible term proportional to a).
For sufficiently low excitation rates such as in
this experiment, the influence of quantum inter-
ference will then lead to a nonzero b/C, but the

Beyer et al., Science 358, 79–85 (2017) 6 October 2017 3 of 7

Fig. 2. Hydro-
gen 2S-4P
spectroscopy.
(A) Relevant
energy levels
for hydrogen
2S-4P spec-
troscopy are
shown (not to
scale). The
atoms are
prepared in the

2SF¼0
1=2 meta-

stable state (ji〉)
by two-photon
excitation with
a preparation
laser at 243 nm.
The spectros-
copy laser at
486 nm drives
the one-photon
2S-4P1/2 and
2S-4P3/2 transi-
tions to the

4PF¼1
1=2 (je〉) and

4PF¼1
3=2 (je′〉)

states to deter-
mine the
transition fre-
quencies n1/2
and n3/2,
respectively.
These states
decay rapidly, predominantly to the 1S ground state (jf〉) either directly through Lyman-g fluorescence
at 97 nm (Ly-g, branching ratio 84%) or indirectly through the 3S, 3D, and 2P levels, yielding one
Lyman-a photon at 121 nm (Ly-a, branching ratio 4%). The remaining 12% of the decays lead back to
the 2S state through Balmer-b decay (Ba-b), with 4% decaying back to the initial 2SF¼0

1=2 state.
Excitations from the 2SF¼0

1=2 to the 4PF¼0
1=2 and 4PF¼2

3=2 levels are forbidden by angular momentum

conservation. (B) Typical experimental fluorescence signal from a single line scan over the 2S-4P1/2

(left) and 2S-4P3/2 (right) resonance (black diamonds). The observed line width (full width at half
maximum) of ~2p × 20 MHz is larger than the natural line width G = 2p × 12.9 MHz because of
Doppler and power broadening. The accuracy of our measurement corresponds to almost 1 part in
10,000 of the observed line width. The constant background counts are caused by the decay of 2S
atoms inside the detector (17). kcts, kilocounts.
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R∞ = 10 973 731.568 076(96) m−1,rp = 0.8335(95) fm
Beyer et al., Science 358, 79 (2017)

R∞ = 10 973 731.568 53(14) m−1,rp = 0.877(13) fm
Fleurbaey et al. PRL 120, 183001 (2018)

𝟏𝑺 → 𝟑𝑺
(& 1S → 2S)

2𝑺 → 𝟒𝑷
(& 1S → 2S)

Ordinary hydrogen spectroscopy

Parthey et al., PRL 107, 203001 (2011)
Matveev et al. PRL 110, 230801 (2013)



 (fm)pProton charge radius R
0.8 0.82 0.84 0.86 0.88 0.9 0.92

CODATA-2014

e-p scattering
(CODATA-2014)

H spectroscopy
(CODATA-2014)

p 2013µ

p 2010µ

H spectroscopy 2017

H spectroscopy 2018

s5.6 

Electron scattering:          0.879 ± 0.011 fm (CODATA 2014)
Muon spectroscopy:         0.8409 ± 0.0004 fm (CREMA 2010, 2013)
H spectroscopy (2017):    0.8335 ± 0.0095 fm (A. Beyer et al. Science 358(2017) 6359)
H spectroscopy (2018):    0.877 ± 0.013 fm (H. Fleurbaey et al. PRL.120(2018) 183001)

The Proton Charge Radius Puzzle in 2018

Not shown: ep scattering (ISR, 2017): 0.810 ± 0.035stat. ±0.074syst. ±0.003 (delta_a, delta_b) 
(Mihovilovic PLB 771 (2017);  0.878 ± 0.011stat. ±0.031syst. ±0.002mod. (Mihovilovic 2021))
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" High resolution, large acceptance, hybrid 
HyCal calorimeter (PbWO4 and Pb-Glass) 

" Windowless H2 gas flow target
" Simultaneous detection of elastic and Moller

electrons
" Q2 range of 2x10-4 – 0.06 GeV2

" XY – veto counters replaced by GEM detector
" Vacuum chamber

The PRad Experiment in Hall B at JLab

Spokespersons: A. Gasparian (contact), 
H. Gao, D. Dutta, M. Khandaker Mainz low Q2 data set

Phys. Rev. C 93, 065207, 2016

I. Larin, Y. Zhang et al., 
Science 6490, 506 (2020)



Elastic ep Cross Sections
• Differential cross section v.s. Q2, with 2.2 and 1.1 GeV data

• Statistical uncertainties: ~0.15% for 2.2 GeV, ~0.2% for 1.1 GeV per point

• Systematic uncertainties: 0.3%~1.1% for 2.2 GeV, 0.3%~0.5% for 1.1 GeV
(shown as shadow area)

Systematic uncertainties shown as bands

Xiong et al., Nature 575, 147–150 (2019)



Proton Electric Form Factor G’E (Normalized)
• n1 and n2 obtained by fitting PRad GE to

• G’E as normalized electric Form factor:

n1 = 1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.),        
n2 = 0.9983 +/- 0.0002(stat.) +/- 0.0013 (syst.)

• PRad fit shown as f	(Q2) rp =  0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

15

Xiong et al., Nature 575, 147–150 (2019)

Yan et al., PRC 98, 025204 (2018)



Proton radius at the time of PRad publication 
• PRad result rp : 0.831 +/- 0.0127 fm, Xiong et al., Nature 575, 147–150 (2019)

• H Lamb Shift: 0.833 +/- 0.010 fm, Bezginov et al., Science 365, 1007-1012 (2019)

• CODATA 2018 value of rp: 0.8414 +/- 0.0019 fm, E. Tiesinga et al., RMP 93, 025010(2021)

CODATA has also shifted the value of the Rydberg constant. 
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More from ordinary hydrogen spectroscopy

Bezginov et al., Science 365, 1007 (2019)
rp = 0.833(10) fm

rp = 0.8482(38) fm
Grinin et al., Science 370, 1061 (2020)
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Proton radius from ordinary and muonic H spectroscopy  
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(Re)analyses of e-p scattering data

Gao and Vanderhaeghen, arXiv:2105.00571
(to appear in RMP)
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e-p scattering: magnetic spectrometer and calorimetric method
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Scintillator detectors inside

• Upgrade HyCal
• Adding 2nd GEM
• ……



Projections for PRad-II

22

Differential Cross section Electric form factor

PRad-II goal:
0.0036 fm

Gasparian et al.
arXiv:2009.10510
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Ongoing and Future Experiments
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SPS M2 beam line

AMBER spectrometer
(only relevant parts shown)
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Jaffe-Manohar, 90
Ji, 96
Chen et al., 08
Wakamatsu, 11, …

~40% -- RHIC Spin data
at Q2 = 10 GeV2With larger

uncertainty

The nucleon spin puzzle

C. Alexandrou et al., PRL
119, 142002 (2017).

(MS = 2 GeV)Lattice QCD

Net effect of partons’
transverse motion?

Orbital Angular 
Momentum of quarks 

and gluons
Little known

Gluon helicity
Start to know

Quark helicity
Best known



Orbital motion - Nucleon Structure from 1D to 3D 

H. Gao

Generalized parton distribution 
(GPD)

Transverse momentum dependent 
parton distributions (TMD-PDFs)

Connected via 5-D Wigner distribution

Transverse momentum dependent 
Fragmentation functions (TMD-FFs)

Quark polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
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Corresponding fragmentation functions



Separation of Collins, Sivers and Pretzelosity through angular dependence

Collins fragmentation 
function from e+e- collisions

Unpolarized fragmentation 
function

SIDIS SSAs depend on 4-D variables (x, Q2, z, PT) and 
small asymmetries demand large acceptance + high 
luminosity allowing for measuring symmetries in 4-D 

binning with precision!

(2𝝅 𝐚𝐳𝐢𝐦𝐮𝐭𝐡𝐚𝐥 𝐜𝐨𝐯𝐞𝐫𝐚𝐠𝐞)

Leading twist formulism
(higher-twist terms can be included)

𝐴"# 𝜙$, 𝜙% =
1

𝑃&,()*
𝑁↑ − 𝑁↓

𝑁↑ + 𝑁↓

Haiyan Gao



Synergizing with the pillars of EIC science 
(proton spin and mass) through

high-luminosity valence quark tomography 
and precision J/𝜓 production near threshold

SoLID@12-GeV JLab: QCD at the intensity frontier

SoLID will maximize the science return of the 12-GeV CEBAF upgrade by combining...

High Luminosity
1037-39 /cm2/s

[ >100x CLAS12 ][ >1000x EIC ]

Large Acceptance
Full azimuthal 𝜙 coverage

Research at SoLID will have the unique capability to 
explore the QCD landscape while complementing the 

research of other key facilities

• Pushing the phase space in the search of new physics and of 
hadronic physics

• 3D momentum imaging of a relativistic strongly interacting confined 
system (nucleon spin)

• Superior sensitivity to the differential electro- and photo-production 
cross section of J/𝜓 near threshold (proton mass)

Haiyan Gao



SIDIS with polarized “neutron” and proton @ SoLID

EM Calorimeter
(large angle)

EM Calorimeter
(forward angle)

Target

GEM

Light Gas
Cherenkov

Heavy Gas
Cherenkov

Coil and Yoke

Scint

SoLID (SIDIS He3)

Collimator

1 m

Scint

Beamline

EM Calorimeter
(large angle)

EM Calorimeter
(forward angle)

Target

GEM

Light Gas
Cherenkov

Heavy Gas
Cherenkov

Coil and Yoke

Scint

SoLID (SIDIS NH3)

1 m

Scint

Beamline

E12-11-108: Single Spin Asymmetries on Transversely Polarized Proton @ 120 days
Spokespersons: J.P. Chen, H. Gao (contact), X.M. Li, Z.-E. MezianiRating A

Run group experiments approved for TMDs, GPDs, and spin

E12-10-006: Single Spin Asymmetries on Transversely Polarized 3He @ 90 days
Spokespersons: J.P. Chen, H. Gao (contact), J.C. Peng, X. QianRating A

E12-11-007: Single and Double Spin Asymmetries on Longitudinally Polarized 3He @ 35 days
Spokespersons: J.P. Chen (contact), J. Huang, W.B. YanRating A

Haiyan Gao



QCD intensity frontier with SoLID: large-acceptance & high luminosity 

• More than 1400 bins in x, Q2, PT and z for 11/8.8 GeV beam.X. Qian et al., PRL107, 072003(2011)

SoLID-SIDIS program: Large acceptance, Full 
azimuthal coverage + High luminosity
• 4-D mapping of asymmetries with precision

Δz = 0.05, ΔPT= 0.2 GeV, ΔQ2 = 1 GeV2,  x bin sizes vary with median bin size 
0.02 (statistical uncertainty for each bin:  𝜹𝑨 ≤ 𝟎. 𝟎𝟐)

• Constrain models and forms of TMDs, Tensor 
charge, …

• Lattice QCD, QCD dynamics, models

Quantum leap: 4-D binning for the first time!

Haiyan Gao



• Chiral-odd, unique for the quarks
• No mixing with gluons, simpler evolution effect
• A transverse counterpart to longitudinal spin g1, 

difference shows the relativistic effect
• Zeroth moment gives tensor charge:

• A fundamental QCD quantity, valence 
quarks dominate

• Precisely calculated on the lattice
• Difference from nucleon axial charge is due 

to relativity
• High luminosity-large acceptance allows for 

high-precision test of LQCD predictions

Transversity and Tensor Charge  

Transversity distribution

(Collinear & TMD)
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Relative uncertainty 4% (u), 7% (d) JAM20: arxiv:2002.08384



Constraint on Quark EDMs 

Constraint on quark EDMs with combined proton and neutron EDMs

H. Gao, T. Liu, Z. Zhao, PRD 97, 074018 (2018)

du upper limit dd upper limit

Current gT + current EDMs 1.27×10-24e cm 1.17×10-24e cm

SoLID gT + current EDMs 6.72×10-25e cm 1.07×10-24e cm

SoLID gT + future EDMs 1.20×10-27e cm 7.18×10-28e cm

Include 10% isospin symmetry breaking uncertainty
Sensitivity to new physics

Three orders of magnitude 
improvement on quark EDM limit

Probe to 30 ~ 40 times higher scale

Current quark EDM limit: 10-24e cm ~ 1 TeV

Future quark EDM limit: 10-27e cm 30 ~ 40 TeV

Image credit: D. Pitonyak
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Table 1
Summary of the data used in our analysis, including the number of points (Npts.) in each reaction. (Top) EIC pseudo-data for the Collins effect in SIDIS for different polarized 
beam types, CM energies, and final states. (Bottom) Data used in the original JAM20 global analysis of SSAs.

EIC Pseudo-data

Observable Reactions CM Energy (
√

S) Npts.

Collins (SIDIS) e + p↑ → e + π± + X

141 GeV
756 (π+)

744 (π−)

63 GeV
634 (π+)

619 (π−)

45 GeV
537 (π+)

556 (π−)

29 GeV
464 (π+)

453 (π−)

Collins (SIDIS) e + 3He↑ → e + π± + X

85 GeV
647 (π+)

650 (π−)

63 GeV
622 (π+)

621 (π−)

29 GeV
461 (π+)

459 (π−)

Total EIC Npts. 8223

JAM20 [13]

Observable Reactions Experimental Refs. Npts.

Sivers (SIDIS) e + (p,d)↑ → e + π±/π0 + X [24,27,47] 126
Sivers (DY) π−+ p↑ → µ++ µ− + X [50] 12
Sivers (DY) p↑ + p → W ±/Z + X [48] 17

Collins (SIDIS) e + (p,d)↑ → e + π±/π0 + X [24,25,27] 126
Collins (SIA) e+ + e− → π++ π− + X [30–33] 176

AN p↑ + p → π±/π0 + X [51–54] 60

Total JAM20 Npts. 517

Note that %pT is the transverse momentum of the produced hadron 
with respect to the fragmenting parton. We allow for favored and 
unfavored Collins functions.

The Gaussian transverse momentum parameterizations (2), (3)
of JAM20 do not have the complete features of TMD evolu-
tion [9,36,78–80] and instead assume most of the transverse mo-
mentum is non-perturbative and thus related to intrinsic proper-
ties of the colliding hadrons rather than to hard gluon radiation. 
The JAM20 analysis also implemented a DGLAP-type evolution for 
the collinear twist-3 functions analogous to Ref. [81], where a 
double-logarithmic Q 2-dependent term is explicitly added to the 
parameters. Such collinear twist-3 functions arise from the opera-
tor product expansion (OPE) of certain transverse-spin dependent 
TMDs (e.g., H⊥(1)

1 (z) enters the OPE of the Collins TMD FF [9]). For 
the collinear twist-2 PDFs and FFs (e.g., f1(x), h1(x), and D1(z)), 
the standard leading order DGLAP evolution was used. The fact 
that current data on SSAs can be described with a simple Gaus-
sian ansatz highlights the need for the tremendous Q 2 lever arm 
of the EIC. The ability to span several decades in Q 2 will help con-
strain the exact nature of TMD evolution and study the interplay 
between TMD and collinear approaches.

Our study was conducted using replicas from the JAM20 analy-
sis as priors in a fit of all the data in Table 1 (8740 total points). 
The results for the impact on the up and down transversity PDF 
h1(x) as well as the Collins function first moment H⊥(1)

1 (z) are 
shown in the top panel of Fig. 1. One clearly sees a drastic reduc-
tion in the transversity uncertainty band once EIC data is included 
compared to the original JAM20 results. Even the uncertainties for 

Fig. 1. (Top) Plot of the transversity function for up and down quarks as well as 
the favored and unfavored Collins function first moment from the JAM20 global 
analysis [13] (light red band with the dashed red line for the central value) as well 
as a re-fit that includes EIC Collins effect pion production pseudo-data for a proton 
beam only (cyan band with the dot-dashed cyan line for the central value) and 
for both proton and 3He beams together (blue band with the solid blue line for 
the central value). (Bottom) Individual flavor tensor charges δu, δd as well as the 
isovector charge gT for the same scenarios. Also shown are the results from two 
recent lattice QCD calculations [18,21] (purple). All results are at Q 2 = 4 GeV2 with 
error bands at 1-σ CL.
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Fig. 5. (Top) The ratio of the error of transversity to its central value for u, d, and u −d as a function of x at Q 2 = 4 GeV2 for JAM20 (red dashed line), JAM20+EIC pseudo-data 
(blue dash-dotted line), JAM20+SoLID pseudo-data (green dotted line), and JAM20+EIC+SoLID pseudo-data (gold solid line). (Bottom) The ratio of the error of the first moment 
of the Collins FF to its central value as a function of z for favored and unfavored Collins FF.

Fig. 6. Individual flavor tensor charges δu, δd as well as the isovector charge gT for 
the same scenarios as Fig. 5.

extraction of the tensor charges for both EIC and SoLID mea-
surements. However, the 68% CL regions for the individual flavor 
charges do not overlap. Thus, the precision of the extracted ten-
sor charges may not correspond to the same high accuracy of the 
result once there are measurements (actual data) from multiple 
facilities. The reason is an incomplete kinematical region of the 
experiments and the unavoidable parametrization bias of our ex-
traction. The parametrization bias may be tamed partly by utilizing 
more flexible parameterizations, such as neural nets. The kinemat-
ical coverage of the experiments, on the other hand, is defined by 
the experimental setup, and it is difficult (if not impossible) to 
have one experiment cover the whole kinematical region needed 
for the most accurate extraction. In addition, using data from only 
one experiment may bias the extractions, as the systematic errors 
are quite difficult to account for in an unbiased way. Therefore, 
multiple experimental measurements covering the largest possible 
kinematical region are needed to achieve a precise and simulta-
neously accurate extraction of the tensor charge. SoLID will offer 
needed complementary measurements to the EIC in order to test 
that a consistent picture emerges across multiple experiments on 
the extracted value of the tensor charge. Only when a bulk of ex-

periments give consistent central values for quantities of interest, 
like the tensor charge, can one claim to have accurate results.

5. Conclusion

In this letter, we have studied the impact on the tensor charge 
from EIC pseudo-data of the SIDIS Collins effect using the results 
of the JAM20 global analysis of SSAs [13]. Both transversely po-
larized proton and 3He beams are considered across multiple CM 
energies for charged pions in the final state. We find that the EIC 
will drastically reduce the uncertainty in both the individual fla-
vor tensor charges δu, δd as well as their isovector combination 
gT . The 3He data is especially crucial for a precise determination 
of the down quark transversity TMD PDF and for up and down fla-
vor separation. Consequently, the EIC, from the combined data in 
measurements at five different energy settings with transversely 
polarized proton and 3He beams, will allow for phenomenologi-
cal extractions of the tensor charges to be as precise as the cur-
rent lattice QCD calculations. This will ultimately show whether 
a tension exists between experimental and lattice data. In addi-
tion, we performed a similar study on SoLID pseudo-data of the 
SIDIS Collins effect to be measured in a complementary kinemat-
ical region to the EIC and found that the proposed experiment at 
Jefferson Lab will also significantly decrease the uncertainty in the 
tensor charge. The combined fit that included both EIC and SoLID 
pseudo-data provides the best constraint on transversity and the 
tensor charges, with the results for the latter more precise than 
current lattice calculations. We emphasize that a precise measure-
ment cannot always guarantee a very accurate extraction of the 
distributions, and multiple experiments, such as EIC and SoLID, 
should be performed in a wide kinematical region in order to min-
imize bias and expose any potential tensions between data sets. In 
order to minimize the bias from the global QCD fit procedure, one 
may ultimately combine the data from different ways of accessing 
transversity, such as SIDIS single hadron and the di-hadron mea-
surements. Given that the tensor charge is a fundamental charge of 
the nucleon and connected to searches for BSM physics [14,16,17], 
future precision measurements from the EIC and Jefferson Lab sen-
sitive to transversity are of utmost importance and necessary to 
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JAM20: Cammarota, Gamberg, Kang, Miller, 
Pitonyak, Prokudin, Rogers, Sato, Phys.Rev.D 102 (2020)

EIC data will allow to have gT 
extraction at the precision at 
the level of lattice QCD 
calculations  
 

JLab 12 data will allow to 
have complementary 
information on tensor charge 
to test the consistency of the 
extraction and expand the 
kinematical region
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