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Introduction

Nucleon 3-D momentum tomography with SIDIS
SoLID run-group proposals

Summary
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Quantum chromodynamics
at the intensity frontier with
a precision microscope

Professor Halyan Gao of Duke University and Dr Zein-Eddine Meziani

of Argonne National Laboratory outline the science case for the
Solenoidal Large Intensity Device (SoLID) at Jefferson Lab
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The SoLID apparatus, design and status
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atthe current 12-GeV beam energy but also positions
CEBAF for potential higher-energy upgrades with broad
sciontific and societal impa
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Arrington et al., Progress in Particle and Nuclear Physics 127, 103985 (2022)

eeimovrmevatvaton | e Roowton Put 85001 0
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Arrington et al., J. Phys. G: Nuclear and Particle Physics 50, 110501 (2023)
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Major Nuclear Science Questions

 How do quarks and gluons make up protons, neutrons, and,
ultimately, atomic nuclei?

e How do the rich patterns observed in the structure and reactions of
nuclei emerge from the interactions between neutrons and protons?

e What are the nuclear processes that drive the birth, life, and death of
stars?

* How do we use atomic nuclei to uncover physics beyond the
Standard Model?
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https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC-LRP-2023-v12.pdf
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https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC-LRP-2023-v12.pdf
https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC-LRP-2023-v12.pdf
https://arxiv.org/abs/2303.02579

Interplay of Energy and Intensity
Structure of visible matter probed at JLab and the future EIC

Discoveries in Physics are often enabled by high-precision measurements and that is where
Solenoidal Large Intensity Device (SoLID) comes!
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SoLID Science and Project Development Timeline

* Rich physics program: (2010-now)
6 SoLID experiments approved by PAC with high rating (5 A, 1 A-)
3 SIDIS (3d structure), 1 PVDIS (search for new physics),
1 threshold J/y (gluon force), 1 A- on BNSSA (new phenomena)
+ 2 conditional approval (1 C1 approval on DDVCS with A rating

RECOMMENDATION 4
We recommend capitalizing on the unique ways
in which nuclear physics can advance discovery

science and applications for society by investing
in additional projects and new strategic opportuni-

ties.
+7 run-group experiments (3d/spin structu re) Today’s investments enable tomorrow’s discover-
ies, with corresponding benefits to society. We un-
° Pre-conceptual design Pre-R&D. reviews and status derscore the importance of innovative projects and
! / em_erging technolo.gies to ext_end discoyery scignce,
2014: pCDR submitted to JLab with cost estimation, updated in 2017, 2019 L B e UIRLE e ] st el
: 2 ) g 1.3.1. Opportunities to Advance Discovery

Director’s Reviews in 2015, 2019 and 2021 . - . .
Strategic opportunities exist to realize a range of
2015 NSAC LRP — SoLID, sPHENIX strongly endorsed by the QCD community projects that lay the foundation for the discovery
science of tomorrow. These projects include the
2020: SoLID MIE (with updated pCDR/estimated cost) submitted to DOE 400 MeV/u energy upgrade to FRIB (FRIB400), the
at Jeffer-
2020-now: DOE funded pre-R&D activities : eavy ion
) f \ £ program, emerging technologies for measurements

A ae 4 ther initiatives that ted in the body of thi

2023: Long Range Plan, SoLID highlighted, one of the recommendations ?epgt'_m RRESIEIHE plssi e o

2024: DOE Office of Science Facility Review: Ready to Launch

Duke
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Solenoidal Large Intensity Device (SoLID)

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

High Luminosity _|_ Large Acceptance

1037-39 [cm2/s :
[ >100x CLAS12 ][ >1000x EIC ] Full azimuthal ¢ coverage

Research at SoLID will have the unique capability to explore
the QCD landscape while complementing the research of
other key facilities including the future EIC

Two science pillars of the SoLID (proton spin and mass): N
high-luminosity valence quark tomography and
precision J/y production near threshold (EIC in the
sea/gluon region, both needed!)
PVDIS: test of Standard Model & search for new physics y

6 H. Gao Spin2025



Nucleon Structure from 1D to 3D & orbital motion

Where does the proton’s spin come from? 1

is made of 2 u and 1d quark TR FAn: —AZ AG (L L )
e 2 5 5 + (L + Ly
S=%=35,

Explains magnetic moment
of baryon octet

P

QCD dynamics: Sea quarks and gluons J I

Check via electron scattering and find
quarks carry only ~1/3 of the proton’s spin!

1/z=1/zAZ+AG+Lq+Lg

2

1
sumrule 5 = ]q +]g
Ji, PRL 78, 610(1997)

Jaffe-Manohar sum rule
Nucl. Phys. B337, 509 (1990)

Generalized parton
distribution (GPD)
Transverse momentum
dependent parton
distribution (TMD)

Many talks at this workshop
already

W(x’ k_L: rJ_)

2
Cl I\'ll

Parton Distribution Functions

5-D Wigner

. distribution
Y\:
A GPDs

Form Factors
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Image from 2023 NSAC LRP

X.D. Ji, PRL91, 062001
(2003);

Belitsky, Ji, Yuan,
PRD69,074014 (2004)

Image from J. Dudek et al.,
EPJA 48,187 (2012)
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Separation of Collins, Sivers and Pretzelosity through angular dependence

SIDIS SSAs depend on 4-D variables (x, Q7 (2m azimuthal coverage)
z, P;) and small asymmetries demand large g
acceptance + high luminosity allowing for

measuring symmetries in 4-D binning with

precision!
Ayr(dn, bs) = 1 N'-NY Leading twist formulism
PIRRy P23 Pt,pol NT =+ Nl (higher-twist terms can be included)

AC’Ollms Sll’l(@ +dg ) Pretzeloszty in(3¢;, — Cbs) Swers Slﬂ(¢h (@ ¢S)

Clollz : 5
[A T } X <Sm(¢h i ¢S)>UT X hl & H1 \ Collins fragmentation

function from e*e collisions

AT elostty ] o (sin(36 ~ 65y o by ® HE <

ASZ“UB?"S JO( (sin(¢y, — ¢S)> UT X flT @ )1 «— Unpolarized fragmentation

function DUke
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Pioneering Studies by HERMES and COMPASS

Multi-dimensional binning with precision — reduces systematics, constrain models, forms of TMDs,
disentangle correlations, isolate phase-space region with large signal strength (HERMES, COMPASS)
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A. Airapetian et al., arXiv:2007.07755
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C. Adolph et al. PLB 770, 138 (2017)
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State-of-the-art from CLAS 12

multi-dimensional binning with precision —
reduces systematics, constrain models, forms of W
TMDs, disentangle correlations, isolate phase-

space region with large signal strength (CLAS12)

50120 P -0.16 GeV
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z uig

'D{}SE_ ok jrr eI ) . - T :. e + H_
S5 Pr=016GeV 1 P,=037GeV i P =055GeV |
First multidimensional, high precision measurements of semi- - 008% i & 1
] i . ; . = 0 0er E F g
inclusive i+ beam single spin asymmetries from the proton o0 . b e . e s |
. . . 0 gt — | e =
over a wide range of kinematics _0.02% ] b o~ 3
-0.04} | 2 '
-0.06E. . . : - — —— .
S. Diehl et al. (CLAS Collaboration), Phys. Rev. Lett. 128, 062005 02 04 06, 02 04 06, 02 04 08,
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SIDIS with polarized “neutron” and proton @ SolLID

EM Calorimeter

EM| EM|
=(largelangle) (Irge angle
[GEVI] | — -
Scint] e~
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SolLID: large-acceptance & high luminosity

BigBite
HRS, |
\ f y
Polarized €
3He Target
e

P-VDD-b

~90% ~1.5% ~8%

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

SoLID-SIDIS program: Large acceptance, Full

azimuthal coverage + High luminosity

* 4-D mapping of asymmetries with precision
Az =0.05, AP;= 0.2 GeV, AQ? = 1 GeV?, x bin sizes vary with median bin size
0.02 (statistical uncertainty for each bin: 64 < 0.02)

* Constrain models and forms of TMDs, Tensor

charge, ...
+ Lattice QCD, QCD dynamics, models

? E06010, PRL 107 072003 (2011)
;—f B Vogelsang and Yuan {Collins)
a -
= <P, >=11({GeV) Iy Anselmino et al.{Collins)
5 E 0 2 ! Pasquini {Collins)
-« I " Pasquini {Pretzelosity)

— <P >=09(GeV) » ®» 2 § 3 [ ® 90 days SoLID

0- 0 Pl leV] | [ s

[ e s ————

| <P >=0.5(GeV)

I * (e ®o o o . . .

-0.2—
— <P >=0.3 (GeV)
* e e o
- ot 2<Q’<3
0.4 <P (GeV) R .
- — L L]
il tre 0.40 <z<0.45
1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0.1 0.2 0.3 0.4 0.5

More than 1400 bins in x, Q?, P; and z for 11/8.8 GeV beam.

Tensor SIDIS Workshop 2026
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SoLID SIDIS Projection

Compare SoLID with World Data

Transversity

Fit Collins and Sivers asymmetries in SIDIS | ™
and e*e annihilation

World data from HERMES, COMPASS
e*e” data from BELLE, BABAR, and BESIII
Monte Carlo method is applied

Including both systematic and statistical 50
uncertainties

World data according to SoLID preCDR (2019)

https://solid.jlab.org/experiments.html|

SoLID baseline used

D'Alesio et al., Phys. Lett. B 803 (2020)135347
Anselmino et al., JHEP 04 (2017) 046 8

Z.Ye etal., PLB 76,91 (2017)
T. Liu (2018): https://pos.sissa.it/317/036

World vs. SoLID baseline |
(systemati tainty included):
0.2f
&
= 5
8
—0.2} |
—0.4f |
| —
2 40t mememt.d
S| :
3 : :
i ! !
o ! i
£ 301 |
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~~ !
= :
S 20t i
3&-. e !
: [P |
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Transversity and Tensor Charge

Transversity distribution od W sollminiiction @ Goldstein et al (2014)
22 #® Radici, Bacchetta (2018)
/ # Gupta et al (2018)
- (Collinear & TMD) ¥ Alexandrou et al (2020)
. . 0.1F Pitschmann et al (2015)
e Chiral-odd, unique for the quarks .
* No mixing with gluons, simpler evolution effect JAM22 (no LQCD)
> : 00F
Tensor charge: . .
v v _0.1 B )
(P,S|vic"1),|P,S) = ghu(P,S)ic" u(P,S) v
1
ot = [ [(@) - Hi(a)] do -0.2 LSS
0
« A fundamental QCD quantity dominated by valence -0.3 | JAM20+
quarks : ' ' '
* Precisely calculated on the lattice 0.4 0.6 0.8 1.0 5 Uu

 Difference from nucleon axial cha'rge is du.e.to relativity N AN N ANV N
* SolID measurements allows for high-precision test of uncertainties included (shifted for visibility)
LQCD predictions Z.Ye et al., PLB 767, 91 (2017)
* Global analysis including LQCD J. Cammarota et al, PRD 102, 054002 (2020) (JAM20+)
(PRL 120 (2018) 15, 152502 L. Gamberg et al., PRD 106, 034014 (2022) (JAM22)
Duke



Constraint on Quark EDMs and Sensitivity on BSM

Constraint on quark EDMs with combined proton and neutron EDMs

d, upper limit d, upper limit

Current g; + current EDMs 1.27%10%% cm 1.17%x10%%¢ cm
SoLID g; + current EDMs 6.72x10%¢ cm 1.07x102%¢ cm
SoLID g; + future EDMs 1.20%x1027¢ cm 7.18x10"%8¢ cm

Include 10% isospin symmetry breaking uncertainty

Nucleon Electric Dipole Moment Sensitivity to new physics 2
and Tensor Charge dq ~ emq/(47TA2)
Three orders of magnitude

improvement on quark EDM limit - Probe to 30 ~ 40 times higher scale

u

dn:g(;du'*'gTdd*'g;dS N\ /7
Current quark EDM limit: 10%%¢ ¢cm =~ =iy _ | TeV
. u d s
dp = gr du + 87 da + g7 d Future quark EDM limit: 10%e ¢ - 3() - 40 TeV

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

H. Gao Spin2025



TMDs — confined motion inside the nucleon

Sivers distribution

fi @—@

naively time-reversal odd

k)

SIDIS

05 0
k,(GeV)

0.5

-0.5

0
ky(GeV)

Nucleon spin - quark orbital angular
momentum (OAM) correlation

— zero if no OAM (collinear, massless quarks)

0.5

-0} | 0.5¢
5. 02 Se 04
n 4. 03
—] o, —0.3' nig 2 o
N o~ §

®  _04f = 02
-0.5F 0.

~06} ] 0.0 - - : : h

00 02 04 06 08 10 00 02 04 06 03 19

k1 /GeV ky/GeV
P x kJ_ - S

fQ/pT(xv kJ_) = ff(:ca kJ-) - flJ_T:I($=kJ-) M

(k)= —M / dzfa (z)(S x B)

Parametrization by M. Anselmino et al., EPJ A 39, 89
(2009)

SoLID projection with transversely polarized n/p
U d
(ki) (k)

96750 MeV  —11372° MeV

- 96728 MeV | —113113 MeV
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TMDs — confined motion inside the nucleon

Pretzelocity distribution L 3

hir - o

: =+

Chiral-odd, no gluon analogy <
Quadrupole modulation of parton density in the distribution of oo v

transversely polarized quarks in a transverse polarized nucleon
Interference of light-front wave functions differing by AL = 2 (seen in
many models)

Measuring the difference between helicity and transversity, i.e.
relativistic effects

Expected to be small — high luminosity-large acceptance crucial

Parametrization by C. Lefky et al.,

PRD 91, 034010 (2015)

Relation to OAM (canonical) |
SoLID projection with transversely ~00st |
k2 1 polarized n and p data
LI=— / ded’k, 5 Ajphfg(x, k) =— / dzhi V9 (z)

02
LZ u[0,1] LZ d[m] ol ¢
—— . I ] :
:-.:F_" 0.0} —
-0.1F 5
. " SoLID projection |

02 0 02 04 05 0 05 02
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SoLID SIDIS run group experiments

v'SIDIS Dihadron with Transversely Polarized 3He
e J.-P. Chen, A. Courtoy, H. Gao, A. W. Thomas, Z. Xiao, J. Zhang, Approved as run group (E12-10-006A)

v'SIDIS in Kaon Production with Transversely Polarized 3He
* T.Liu, S. Park, Z. Ye, Y. Wang, ZW. Zhao, Approved as run group (E12-10-006D)

Ay with Transversely Polarized 3He
* T. Averett, A. Camsonne, N. Liyanage, Approved as run group (E12-10-006A)

g," and d," with Transversely and Longitudinally Polarized 3He
e C. Peng, Y. Tian, Approved as run group (E12-10-006E)

Deep exclusive T Production with Transversely Polarized 3He
 Z.Ahmed, G. Huber, Z. Ye, Approved as run group (E12-10-006B)

Timelike Compton TCS circular polarized beam and unpolarized LH2 target M. Boer, P.
Nadel-Turonski, J. Zhang, Z. Zhao, Approved as run group (E12-12-006A)

v'"Measurement of the Unpolarized SIDIS Cross Section from a 3He Target with SoLID u.
D’Alesio, M. Cerutti, H. Gao, S. Jia, V. Khachatryan, T. Ye, Approved as run group (E12-11-007B/E12-10-006F)
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E12-10-006A: SIDIS Dihadron with Transversely Polarized 3He

1 %fd:f;i’_ﬁ deosf sin{¢g + dg) (da’ — dat)

;45]:31EOR+¢'S:I sin # T HJLI \ == ‘
UT (z,y,2z, My, Q) | ST [ d¢pdcosé (dot + dat)

% g f dcos# FS.—?WH—WSJ
- [dcos® (Fypp + 2 Fypyp)

where

F{,."L-',T = il‘fl (’B) D1 (Z, coOs 8, ﬂ*’fh)

- R|sinf 1 -
Fop©® = —w”% = fila) D3 (2, cos 0, My,)
in(bptd R|sind
FS.—?LéRjL@S): iHi (2, cos6, M)

1 ’ :
IR| = 5 /21 - Erlﬂf?(ﬂf%,ﬁ + (M} — M3)?

This is what we proposed to measure. The transversity (h;) isin
a linear framework with the DiFFs, which makes it relatively

easy to extract comparing to single SIDIS analysis...

* Only for statistic error illustration in the right:

* 48 days of 11 GeV data on polarized 3He target
*  Lumi=103¢ (n)/s/cm?

* Wide x, and Q? coverages

* Measure transversity via t*n” dihadron channel

<)§b>

en—e'n wX 0 A

101

Combine with proton data one can do a flavor separation 1c«or sipis workshop 2026

102

| 1
a.&sﬂ-gs".&'aﬂ&‘rﬂ?eqar

<Z1't‘rr>

-3
1. 161 | 240 | 3.43 10
<Q% (GeV?)

Z scale (color) represent stat. error
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E12-10-006D: SIDIS in Kaon Production with polarized *He and NH,

= K* production in SIDIS using both the transversely polarized 3He and NH; Targets

v Extract K* Collins, Sivers and other TMD asymmetries

v Flavor decomposition of u, d and sea quarks’ TMDs

v Kaon detection: 30ps MRPC

Kaon Identification: 30ps TOF + Veto of HGC

 ——

(a) The layout of the MRPC
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MRPC beam test at Fermilab (Tsinghua+UIC)

Time /ps
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Unpolarized SIDIS cross section

Multiplicities from HERMES and COMPASS
help constrain TMDs, but absolute cross-
section measurements provide significantly
more information. They offer a critical test of

TMD factorization beyond leading order.

ff(mskisQ5Q2) _(.ﬁz(w”‘ﬁ_,QsQZ))

0.2 1
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M. Cerutti et al. to appear in PRC
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SOLID Apparatus Polarized 3He (" ‘neutron”) @ SoLID and Pol. NH3

Requirements are Challenging

High Luminosity (1037-103°)

High data rate

High background

Low systematics

High Radiation

Large scale

Modern Technologies

* GEM'’s or other MPGD detectors

e Shashlik ECal

e Pipeline DAQ

e Rapidly Advancing Computational
Capabilities including Al/ML

High Performance Cherenkov

Baffles

Duke
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SolLID Detector Subsystems

Uses full capability

Baffle  3xGEMS LGC  2xGEMs EC of JLab electronics

4xGEMs LASPD LAEC 2xGEMs HGC FASPD (MRPC) FAEC
o Mo oo0 0. ‘oo.
Pre-R&D it : LGC, HGC, GEM'’s, EC, DAQ/Electronics, M t
re items S Q/Electronics, Magne Dizke
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Strong Collaboration

- 270+ collaborators, 70+ institutions from 13 countries
- Large international participations and anticipated contributions
- Strong theory support

5 ks

SN
S %



https://solid.jlab.org/

Precision tomography of the nucleon requires both
valence quark and gluon region

150

50

: = -3
07 8 A2 062 g~/ W
Quark transverse momentum (GeV)

X f1%l' (x, ki)

= 7 04
A 1 / 0.35
A
) 0.8 / 03
0.6 0.25 X

12-GeV CEBAF 0.41

0.2

0

Tensor SIDIS Workshop 2026

; (ﬁ/) Duke



Spin-1 Tensor TMDs at Jefferson Lab

J. Poudel et al., Eur. Phys. J. A 61 (2025) 4, 81

« SIDIS Cross-section considering longitudinal polarization of target

do
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2
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Tensor Polarization:
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Summary

SoLID science is more compelling in the era of the EIC as demonstrated in the 2015 and
2023 NSAC LRPs

SoLID will address two EIC science questions highlighted in 2018 NAS 2018 report — both
valence and sea/gluon regions required for a complete picture of the nucleon

SoLID: A IarFe acceptance device which can handle very high luminosity = pushing the
limit of the luminosity frontier and allow for precision study of the nucleon 3D structure

A mature pre-conceptual design with expected performance to meet the science
requirements (DOE 2021 Science review and 2024 facilities review) following a decade of
hard work and pre-R&D activities

The collaboration formed more than 15 years ago with many international collaborators
and theory colleagues

Acknowledgement: J.P. Chen, Z.-E. Meziani, P. Souder, Xiaochao Zheng, and many others in the SoLID collaboration,
supported in part by the U.S. Department of Energy under contract number DE-FG02-03ER41231
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