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To know your future you must know your past
George Santanaya (American philosopher, poet and cultural critic: Born in Madrid, 1863-1952)

Standard Model of Particle Physics: Higgs

HISTORY OF THE UNIVERSE A mechanism responsible for masses
Dark energy
accelerated

expansion
Cosmic Microwave Struciu're
Background radiation formation
Accelerators is visible

Inflation

Quantum Chromodynamics (QCD) is
responsible for most of the visible matter in

the universe providing mass and spin to
nucleons and nuclei

t = Time (saconds, years)

E = Energy of photons (units GaV = 1.6 x 1079 joules)

Key

baryon A photon <P Black Nucleon: A fascinating strong interacting system

of confined quarks and gluons. Chiral effective theories
and lattice have played a key role in our progress.

12 1986 paper by Michael Turner Particle Data Group, LBNL © 2015 Supported by DOE



EIC Science Assessment by NAS

Finding 1:
An EIC can uniquely address three profound questions
AN ASSESSMENT OF about nucleons—neutrons and protons—and how they
WIS-BASED ELLECTRON-ION .
COLLIDER SCIENCE are assembled to form the nuclei of atoms:

* How does the mass of the nucleon arise?

* How does the spin of the nucleon arise?

 What are the emergent properties of dense systems of
gluons?

11/18/21 The 10th International Workshop on Chiral Dynamics 3 Argon ne °
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How Does QCD generate its Mass & Spin?

“...QCD takes us a long stride towards

» . o the Einstein-Wheeler ideal of mass without mass
~“8-What is the origin of hadron masses? Frank Wilczek (1999, Physics Today)

- A case study: the proton. Examples in nature: proton, blackhole

“.. The vast majority of the nucleon’s mass is due to quantum fluctuations of
quark-antiquark pairs, the gluons, and the energy associated with quarks
moving around at close to the speed of light. ...”

The 2015 Long Range Plan for Nuclear Science

32

Proton

00 g

Q_% = Quarks

Threshold electro-photoproduction of quarkonium can probe the
energy distribution of gluonic fields inside the proton and nuclei

11/18/21 The 10th International Workshop on Chiral Dynamics
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The proton mass... a hot topic!

A precursor workshop before PR12-12-006 proposal was submitted was held in 2012: http://quarks.temple.edu/~npcfigcd

2016
The Proton Mass

At the heart of most visible matter. i
y Temple University, March 28-29, 2016

sioon
Hqcp =Hy+Hp+Hg+ H,
Quklincicnd 1 - [ #ag)--ao

Speakers -

Im = | d my
Stan Brodsky (SLAC) Qi / 2gmy
Xiandong Ji (Maryland) Gluon kineicand 7. _ / £l B
Dima Kharzeev (Stony Brook & BNL) potential energy 2
Keh-Fei Liu (University of Kentucky) Trace anomaly H, = [ d'z?;}(}:‘ -BY)

David Richards (JLab)
bt Workshop Topics
* Hadron Mass Calculation:

ff f
M, =2m{* +m§

Martin Savage (University of Washington)
Stepan Stepanyan (JLab)
George Sterman (Stony Brook)

Moderator
Alfred Mueller (Columbia)

e |attice QCD

* Hadron Mass Decomposition
Local Organizers
Zein-Eddine Meziani (Temple U)
Jianwei Qiu (Brookhaven National Lab)

Lattice QCD and Other Methods

2017
i ECT* iz

EUROPEAN CENTRE FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY
Institutional Member of the European Expert Committee NUPECC

mIE o
SEMRE
L=

The Proton Mass: At the Heart of Most Visible Matter
‘Trento, April 3 - 7, 2017

Forlocal o

* mass decomposition —roles of the constituents
* approximated analytical or model approaches

Jan. 2021

~ ' s
storkshop O"Q'n ~ P \

Gctl

3rd Proton Mass Workshop; Origin and Perspective

14-16 January 2021
Argonne Nauonal Laboratory

AmericalNew_York timezone.

https://indico.phy.anl.gov/event/2/

Due to COVID-19 a 2020 INT proton mass workshop
has been postponed to 2022 to become the 4
workshop in the series

Access to the Quantum Anomalous Energy
through elastic J/1 and Upsilon production
near threshold




How does QCD generates the nucleon mass?

Breaking of scale Invariance
See for example, M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory, Addison-Wesley, Reading (1995), p. 682
< Trace of the QCD energy-momentum tensor: D. Kharzeev Proc. Int. Sch. Phys. Fermi 130 (1996)

T, = Bl )G"BaGaﬂJr Z lelQl‘l‘thQth

* 2
g J l=u,d,s c,b,t

1
QCD trace anomaly

At small momentum transfer, heavy quarks decouple:
g 2 M. Shifman et al., Phys. Lett. 78B (1978)

Gross Wilczeéégzmzer ]-6 2 3 h 9
' 3 "3272

= @GaﬁaGZﬁ + Z mMiqiqr + MsQsqs + ...

29
\ Y )] l=u,d ' |
Field energy Pion-nucleon sigma term

<> Trace anomaly, chiral symmetry breaking, ...

M2 X <P ng |P> - 5( ) < > In the chiral limit we have a

G2 finite number for the nucleon
Chiral limit 2 for th
11/18/21 g 10th International Workshop on cm@%%%ﬁﬂé? or the plon Argon ne °
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Higgs Mass Contribution to the proton mass

Pion-Nucleon Sigma Term
oxn = (N(P)|mytiu + mgdd|N(P)) = (59.1 &+ 3.5) MeV

Strangeness content

s = (N(P)|m,5s|N(P)) = 41.0(8.4) MeV

A talk by UIf-G MeiRner at the 3" Proton Mass WorkshopsS, Jan 14-2021
https://indico.phy.anl.gov/event/2/

Consequence for the proton mass: About 100 MeV from the Higgs, the rest is gluon field energy

Hoferichter, Ruiz de Elvira, Kubis, UIf-GMeiRner Phys. Rev. Lett. 115 (2015) 092301 [arXiv:1506.04142]
Phys. Rev. Lett. 115 (2015) 192301 [arXiv:1507.07552] Phys. Rept. 625 (2016) 1 [arXiv:1507.07552]
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12 GeV experimental capabilities at Jefferson Lab

g N
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Z.-E. M, S. Joosten et al., arXiv:1609.00676 [hep-ex]
K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141

JLab experiment E12-16-007

Near threshold photoproduction of J/ \\(/7;
Nz
3

s Og ¢
J/U threshold: S\
/b W2e4.so4<3?v © @} < '

. |Electronin

o SHMS
ER® ~ 8.2GeV o \
t ~ —1.5GeV? 9% Cu Radiator \)\6 ‘ %
1 ‘ To beamdump
P I 2
Incident .
beam
'—VISe'ni'ng‘{II""""""'--u-u Hydrogen

| oseting2 - } ] target Q ’

a = Sett!ng 3 E B Q

| Sennas _g | * Ran February 2019 for ~8 PAC days «, Q‘

I ﬂ - | e High intensity real photon beam 4(5‘ 4
£ (50uA electron beam on a 9% copper O 1/

[
1

Iy - ——

I i radiator) /// Positron in
ob = === | e 10cm liquid hydrogen target /3 '3/ p HMS
gy ge e Detect J/{ decay leptons in coincidence i 2'

E, (GeV) e Bremsstrahlung photon energy fully constrained
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http://arxiv.org/abs/arXiv:1609.00676

/W NEAR THRESHOLD IN HALL D

First J/y results from JLab, published in PRL 123, 072001 (2019)

. -8 10 _ . utn T
= 1D cross section (~469 counts) T F i R
* Trends significantly higher than old rO
measurements e |
. . e ° i
= Also released a single 1D t-profile YP—PpP J/l.lJ — pe’e 1k e
. . . H . : ] —s— SLAC
* Published upper limits for s-channel g’m; ey e ‘ R T oS
| Fmean = 34 +0.001 GeV o 2 -1 H ; = === Kh l.x2.3
pentaquark resonances at 90% o 180 S5 G0y % 000 oy | 7RG Prasd0)
confidence level 2 160Ed- of ‘. B ‘i — — incoherent sum of:
o 1405 1 o /‘ ‘ Sl Lo T 2g exch. Brodsky et al
= 1D limits on = EN E f | 107 J fi ; ; 3g exch. Brodsky et al
o(vp = Pc) x [(Pc=J/ p): ool Tttt M 8 9 10 €, Gev 20
resp. <4.6nb, <1.8nb, and <3.9nb at . =
90% il | E X2 indf = 084375
. . . = slope = -1.67 = 0.35 GeV?
= Still consistent with pentaquark and 40 € 10.00 < E, < 11.80 GeV
molecular models 20 i 3] B
0 N I O 5 - B O (N L
. < H 1 1.5 2 25 3 3.5
4x more statistics being analyzed M(o'e), GeV
Y
o 02 04 06 08 1

10 -(tt ), GeV?



Clear J/ signal with
minimal background

settings HMS SHMS target charge [C| goal
setting 1 19.1° at +4.95GeV  [17.0° at -4.835GeV  |LH2 with radiator  [5.2 low-t and high energy
dummy with radiator (0.6 target wall
LH2, no radiator 0.1 electroproduction
setting 2 19.97 at +4.6GeV 20.17 at -4.3GeV LH2 with radiator |8.2 low-t and low energy
dummy with radiator|0.3 target wall
setting 3 16.4° at +4.08GeV  [30.07 at -3.5GeV LH2 with radiator  [13.8 high-t
setting 4 16.57 at +4.4GeV 24.5° at -4.4GeV LH2 with radiator  [6.9 medium-¢
dummy with radiator |0.2 target wall
— T — ‘ — T L ‘ ‘ — T
r 1 300— =
- Setting1 ] - Setting 2 ]
200— [ l
L 200 —
100 100 ]
L. L ; P
86 28 86 28 3 3.2 34
M (GeV)
T T T T E S I T 4
r . 1 80 . -
s Setting 3 ] " Setting 4 .
L ] 60— -
20~ . i ]
L ] 401 a
10__ ; - -
| - 20_ —
9* L e ] [ ol ]
6 28 3 3.2 3.4 86 28 3 3.2 3.4
M (GeV) M (GeV)

Lepton-pair Invariant mass

ao7”
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/)4

2D J/Y cross section results in a.u.

£ [E,=(9.1, 9.25)GeV E,=(9.25, 9.4)GeV E,=(9.4, 9.55) GeV E,=(9.55, 9.7) GeV E,=(9.7, 9.85) GeV
; ——Dipole fit —— Dipole fit —— Dipole fit —— Dipole fit —— Dipole fit
£ j/W-007 j/W-007 j/W-007 jIW-007 -
3 * j/ -* + * #* j/V-00 # j/V-00 #* j/V-007
<
|
N\ AN
1 2 3 4 5 1 4 5 1 2 3 4 . 1 2 3 4 5 1 2 3 4 5
It] (GeV?)

£ [E,=(9.85,10.0) GeV ] E,=(10.0, 70.15 )GeV [E,=(10.15, 10.3)GeV X ¥ ] E,=(10.3, 10.45)GeV [E,=(10.45,10.6)GeV
5 —Dipole fit —— Dipole fit —— Dipole fit — Dipole fit L —— Dipolefit
g # j/v-007 # j/v-007 # j/v-007 # j/V-007 #* j/v-007
el
<
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An energy scan of the gluon radius

* Mass radii can be extracted for each of the 10 energy bins by

0.9 : .

Mamo-Zahed holographic approach means of a dipole fit
0.8 (dipole fit . .

(dipole fit) * Figure shows results following the approach from Mamo-Zahed
0.7 (Phys. Rev. D 101, 086003, 2020).

Similar results are obtained following D. Kharzeev’s approach

_Q_
o
=
_Q_

_._

E 0.5 (:>(:> (Phys. Rev. D 104, 054015, 2021)
é 0.4 = Data can also be used to constrain the gravitational form factors
& <:> falling the approach from Guo-Ji-Liu (Phys. Rev. D 103, 096010, 2021)
037 . a(\) O J/y-007 ® Lattice QCD * The results can also be used to study the energy-momentum
0.2 N A\ GlueX attice tensor of QCD following the approach from Hatta-Rajan-Yang
Q(e (Phys. Rev. D 100, 014032, 2019)
0.1
0-0 T T T T T T
90 95 100 105 11.0 115 120 125 130 . |attice from Shanahan & Detmold (Phys.Rev.D 99 (2019) 1, 014511)

EY(GeV)

13



Impact on the trace anomaly extraction

X.Ji PRL 74, 1071 ( 1995),& PRD 52, 271 (1995)

d>xT°(0, %)

Hgcep =

Quarks & anti-quarks
kinetic and potential energy

H,= /d% YT (—iD - a)

Quarks masses

H,, = / 3z YTma

1
H, :/d% 5 (E°+B?)

Gluons kinetic and potential energy

Ha = /d3$ ?gs (E2 B2) Trace anomaly
Y
(P|Hgcp|P)
M~y =
" (P|P)
5 b 3
=" la— —— M,=~(1-a)M
Ma 4(“ 1+fym)MN g=g(l-a) My
. 4‘|")’m 1
A ) Ma = g (dib) Moy

0.350

{  SoLID Jiy Electro-production
0.325- {  SoLID Jiy Photo-production
B SolLID Jiy Systematic Estimate
= GlueX Fit, R. Wang et al. (2020)
Lattice Calculation, F. He et al. (2021)

0.225 i

o
w
o
o

o
N
w
o

--------

in units of proton mass
S e
~
w

* = ¥ ¥ 3 ¥}

0.200
©
=
0.175
0.150
80 85 9.0 95 100 105 11.0 115 12.0
E, (GeV)

Following: R. Wang, J. Evslin and X. Chen, Eur. Phys. J. C 80, no.6, 507

(2020) M, = 23.3% £+ 4.25%
‘MN :Mq+Mm+Mg+Ma‘

» a(u) related to PDFs, well
constrained
* b(p) related to quarkonium-

proton scattering amplitude
Typ neaz-threshold
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Ultimate experiment for near-threshold J/¢ production

8 L e o
 SoLID SIMULATION

 General purpose large-acceptance spectrometer
* 50 days of 3pA beam on a 15cm long LH2 target (10%7/cm?/s)
* Ultra-high luminosity: 43.2ab™
* 4 channels:
. Electroproduction (e, e-e+)

¥ 2
4 _1(Gev?)

| e(p).e+e- (Jip electroproduction)
It-tmml versus W (21k events)

41 42 43 44 45 46

W (GeV)

8
“““““““““““““““““““

SoLID SIMULATION

- Photoproduction (p, e-e+)
o Inclusive (e-e+)
. Exclusive (ep, e-e+)

It-t | ver:
L mi

SoLID J/y event

¥ 2
t4_1(GeV?)

4 41 42 43 44 45 46

L (e)p,e+e- (Jiy photoproduction)
versus W (804k events)

in

W (GeV)
15



Future solid experiment at JLab SeliD

SOLENOIDAL LARGE INTENSITY DEVICE

REEE I T
SoLID SIMULATION

A e
SoLID SIMULATION

;. Jhy Production E £ Jhp Production E
[ %920 GeV <E, <10.00 GeV i\....‘....|....|....|..‘.|....|....|....‘....| £*.9.88GeV <E, <1007 GeV 1
o e, E _ SoLID SIMULATION e electroproduc_tlon e(p)+ee A -~ .
3 - ] 10 Production . ® photoproduction (e)p+ee - g . ]
2102l e, J = 10  exclusive ep+ee 3 02k M 4
5 f * ] - n 3 po 4+ 4
= [ ¢ - " _ 3 1
L Wl + ¢ |
10 H E L "\ —+— 4 102 E
[ — 1E ] [
104 e photoproduction (e)p+ee 4 O E E 1074 ® electroproduction e(p)+ee -
| SRR | I AR el d = — Ev vl bovn by by bl
0 1 2 3 4 5 s £ C E 0 i 2 3 4 5 6
It-tminl (GeV?) e} B _ It-tminl (GeV?)

[ T T T
1L SoLID SIMULATION B
E  Jhp Production E
8.39 GeV <E, <8.58 GeV

JAp Production

[T LI T T T i b
1+ SoLID SIMULATION 4 ﬁ

8.81 GeV <E, <891 GeV

g e, E C GlueX photoproductio ——t' 4

3 o, B 2+3-gluon fit 3 -

5, %ot - - s, +-+

102 3 102 + 3

% + 1 0—2 PO AN T T T T U T T TS T S T S T A T A N O A MO A O | %

5 ) 8 85 9 95 10 105 11 115 12 125 =2 ]

E, (GeV) ;
1074 e photoproduction (e)p+ee = 1045 e electroproduction e(p)+ee =
S I E AN AR APV B | S I VS RPN EFTETITN A
0 1 2 3 4 5 6 0 1 2 3 4 5 6
It-tminl (GeV?) It-tminl (GeV)
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Unified View of Nucleon Structure

W,!(x,k,rr) Wigner distributions

Transverse Momentum Dist. (TMD i i
1 ( ) Tomography Generalized Parton Dist. (GPD)
|

dry d2k; '  GPDs
TMD flu(X,kT), hlu(X,kT) GPD
dx & Fourier Transformation
2
Parton Distribution Functions d kT d2r

<! 3 3 T Form Factors
x Q°=10 GeV 1.6F T T T TT 1]
0.8 — HERAPDF1.7 [ _
53 model uncert : f % 3
parametrization uncert.  xu, ‘& ]
HERAPDF1.6 v Form . ‘ . 1
Ar xg ..'..“:"‘A.‘ PDFS Fa Cto rs % g}J X —:
> f4(x), .. 1D | Ge@Y), af ! I| .
h,4(x) — | Gy(@?) :
11/18/21 The 10th International Workshop on Chiral Dynamics 0 ; IIIIIII s T




Experimental tools: GPDs & TMDs and Form Factors (Charge and Gravitational)

N L
® Inclusive reactions: 74%

= Deep Inelastic scattering

® Semi-Inclusive reactions: e+p/A = e’+h(m,K,...)+X P
ws Detect scattered lepton in coincidence with identified hadrons or jets I
Semi-Inclusive Deep Inelastic Scattering (SIDIS) ZJ (m, K, ¢, w, J /1, T)
ws Challenge: ke
= High polarized luminosity combined with large acceptance detectors fy

* -
= 5 key variables x,Q?, z, pr and angle between leptonic and hadronic plane w
= Fine binning needed / \

© Exclusive reactions: e+p/A =2 e’+ p’/A+ (v, 1,K,...) 5
ws Detect all final states including recoiling nucleon or nucleus //
Deep Virtual Compton Scattering (DVCS/VCS) when detecting the real photonl /Y -
Deep Virtual Meson Production (DVMP) when detecting 7, ¢, w, J/¥, T /’/w, ¢,w, J/ U, T
«=+Challenge: * <7
= High polarized luminosity combined with large acceptance detectors / \
= 4 key variables x,Q%t and angle between leptonic and production plane (¢) D p/

= Fine binning needed

NATIONAL LABORATORY
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VCS and generalized polarizabilities of the proton

N. Sparveris et al. ‘§ | simulation
JLab-E12-15-001 © Data
o e & p detection L f
“stretchability” : D °'“C'de"°?
H
dE induced ~ o E -0.02 -0.01 o 0.01 002 0.03
Missing Mass 2 (GeV?)
External field deforms
the charge distribution Hall C:
SHMS, HMS
456 GeV
20 pA
Liquid hydrogen 10 cm
“alignability”
dM induces™ BB Q?=0.33 GeV?
M induced :
E L, E12-15:001 prelimi '
L [ -15- reliminary ° v [ oo
210 o 4
Bdiam <0 ° LR -
Paramagnetic: proton spin aligns s 2 %
with the external magnetic field L L
Diamagnetic: m-cloud induction produces L : . | Tl
field counter to the external one oL - 3} ol ongoing,analysis
e Argonne &

. 1
Q? (GeVY? Q? (GeV)? NATIONAL LABORATORY
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0.5 1

03

0.1

Proton valence quarks ratio through Inclusive DIS

Solid blue circles : JLab MARATHON
Open red squares : JLab BoNuS
Vertically-lined-hatched green band : SLAC

0.1 03 05 0.7
Bjorken x

0.9

Solid data points : JLab MARATHON
/0,

Dotted black curve : Tropiano et al. \
Long-dashed red band : Segarra et al.
Short-dashed green band : Accardi et al.

05 0.7
Bjorken x

0:3
11/18/21
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Ratios

1:2

1.0

0.8

0.6

0.4

0.2

Cui Zhu-Fang et al.: arXiv:2108.11493
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s IECS CJ15
[m] Helicity conservation
a POSI DSE 0+ & 1+
ez el \ean SPM A-DIS
E Vol Segarra A-DIS
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0.2 0.4 0.6 0.8
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Neutron Spin Structure in the Valence Region

This work, DIS, online proj stat onl

" O SLAC E142

- A SLAC E154

| o HERMES

* JLab Hall A E99117
0.5 Anti-parallel spins Parallel spins
* Precision measurement of the
neutron spin asymmetry A;" in the
far valence region (0.61 < x < 0.77)
0 e = Explore Q% dependence of A;"in

W | ——]  thevalence region

i ‘ » Access flavor dependent helicity

095 "0d 08 o8 1 PDF ratios at large x by combining

X with proton results from CLAS12

* Experiment ran in FY20, with
a 30pA electron beamon a
40cm high-pressure
polarized 3He target.

= Analysis in an advanced state

21
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Light sea asymmetry in the proton

Sealuest

E906
Nature 590 (2021) 7847, 561-565 PRD 103, 012001
25 ’
- seaQuest/E906 | : 12: STAR p+p, L =350 pb™, /s =510 GeV STAR (2011+2012+2013)
oF [Jsyst uncer Bt 10F bty g e

- 25 GeV < EX < 50 GeV

4 NuSea/E866

.- NNPDF3.1 (FEWZ)

--- MMHT2014 (FEWZ)

8; CJ15 (FEWZ)
1.5 gg B —— BS15 (CHE)
\b 6 O — JAM19 (FEWZ)
3 e gé’ r At
[ [ Aberg and Miller o 45— ,
[ [[] Basso, Bourrely, Pasechnik and Soffer N B 5
05— —— CT18NLO, SeaQuest kinematics = ’ \
[~ <= CTEQ6m, SeaQuest kinematics ] 2__ -+ £ =
i = oo
% — [y | PR SO B S [
X -1 -0.5 0 0.5 1
SeaQuest: 120 GeV proton-induced Drell-Yan on LI
Hydrogen and Deuterium targets.
* Behavior of the ratio of d-bar/u-bar better constrained
* Consistent with predictions of statistical model
11/18/21 The 10th International Workshop on Chiral Dynamics 22




arXiv:2103.05571

< 006~ STAR, |s = 200 GeV
- p+p = Jet+ X
L Anti-k, R=0.6, |n| <1

o STAR 2015, This work

0.04— A STAR 2009, PRL 115 (2015) 092002

- - DSSVi4
~ = NNPDFpol1.1

0.02—

0.00f - =TT e T

M|

Rel. Lumi. Sys.

- +6.1% (2015) and * 6.5% (2009) scale uncertainty from polarization not shown

PR VT TR U T WO YN U YN NN TN WY TN TN N YA ST TN SN [N ST TN VT WO NN SN ST WO SN Y SO T S

0.00 0.05 0.10 0.15 0.20

Parton Jet x; = 2pTN§

Further evidence that

Ag(x,Q?) is positive for xy > 0.05

11/18/21

Inclusive jet and dijet data: sensitivity to gluon helicity in 0.05 < x;<0.5

<0.10

0.05

0.00

<0.10

0.05

0.00

I 1 T T I T T T T I

STAR, Vs = 200 GeV
p+p — Jet + Jet + X
Anti-k; R=0.6
sign(n ) = sign(n,)

P (SRS R  |

LI I R B B B B I

[~ +£6.1% (2015) and + 6.5% (2009) scale
| uncertainty from polarization not shown

sign(n) = sign(n,)
0 STAR 2015, This work

o STAR 2009, PRD 95 (2017) 071103

- DSSVi4
= NNPDFpol1.1

[

P -

The 10th International Workshop on Chiral Dynamics
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Probing TMDs

» TMDs - rich quantum correlations:
Quarisiolanzatio Q—> Nucleon Spin

_ SIDIS
@ Quark Spin

N e'E)
V] f1= @ h1 = @ - @ Y /
Boer-Mulders 3 h
7ro
L g,=(r = (| 1e - Similar for gluons =
" Helicity "+ @ @ & U
O
T fﬂ-i_: - @ gﬂ*:é — é) Transversity p X
Sivers h1TL= _ @

» Naturally, two scales and two planes:
' <> Two scales:
high Q - localized probe
Low pr - sensitive to confining scale

< Two planes:

angular modulation to separate TMDs

L8/ ard to separate TMDs in hadronic collisions 24



SIDIS at CLAS12: Pion Beam Spin Asymmetry claS®

* First multi-dimensional mapping of the i+ BSA
= Spin asymmetries in semi-inclusive pion on a hydrogen target at CLAS12

production directly related to TMDs and FFs = Dramatic improvement on precision compared

= Single-spin asymmetries (eg. BSA) sensitive to previous measurements
to twist-3 quark correlations = Sufficient precision for a multi-dimensional
approach
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SIDIS at CLAS12: Pion Beam Spin Asymmetry [Jests
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» |deal process to access the collinear
PDF e(x), sensitive to the
interaction between quarks and

* First time access to the Helicity-
dependent di-hadron
fragmentation function G?

» Access through the azimuthal
angles of the final-state hadrons
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Deeply Virtual Compton Scattering

k’ Q2>>1 GeV?

olep — epy) x

do
dz pdQ2dtdg
QZ — _q2 —
). .
At large Q?: QCD factorization theorem t= (5 — p)?
zp=0Q°/2p-q
At twist-2: 4 quark helicity conserving GPDs: t< QF £ B
HQ(x7§’t7 Q2)7EQ(CE’€7 t’ Q2)7“‘ 2—.’17

Key: Q? leverage needed to test QCD scaling

High statistics required for a clean extraction
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Separating GPDs Through Polarization Measurements of Compton FF

oct—o" AGC a = XB/(Z'XB)
ep E—— epy A= o' +o = o _
k = -t/4AM?
Polarized beam, unpolarized target:
Aoy ~ sing{FH + aT(F1+F2)'F|' +/T<F2E}d¢ "- H. ﬁ, -

Kinematically suppressed

Unpolarized beam, longitudinal target:

AcuL ~ SinGSFF+E(Fy+Fo)(H + ... 3do - H, H

Unpolarized beam, transverse target:

Aoyt ~ SiNG{A(F2H — F4E) + ..... }d¢ ||- H, E

Global analysis of polarized and unpolarized data needed for GPDs separation
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Future: transversity at SBS

Experiment elastic form factors and SIDIS

Electron arm: BigBite
@30 deg, beam left:
GEMs + GRINCH +
lead-glass calorimeter
+ timing hodoscope
Hadron arm: SBS @14 deg, beam
right: RICH + GEMs + HCAL

High-luminosity polarized "He target:
60 cm @40 pA, ~56% polarized

NI

* [E12-09-018 in Hall A: 40 (20) days production at E = 11 (8.8) GeV.
Approved by PAC38 for 64 beam-days, A- rating

* Reach high x (up to ~0.7) and high statistical FOM (~1,000X Hall A
E06-010 @6 GeV)

| do(4,és)  do(d,és +7)

Pr do (¢, ds) + do (¢, ps + 7)
AGFmS sin(p + ¢g) +

AT sin(¢ — ¢g) +

dretz -« Py
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sin(é 4.)
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Example of projected E12-09-018 precision: neutron Sivers
moments for charged pions and Kaons (11 GeV data only)

Can run as soon as 2023!
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Future: TMDs at SoLID "

W

* Solenoidal Large Intensity Device

= Unique combination of high luminosity (1037-103° cm2s1) 7
and large acceptance
* Rich physics program with as main pillars the study of
nucleon spin (through SIDIS), nucleon mass (through near- Transversity Ee—

threshold J/psi production), and physics beyond the ] e Rl

s, World
|=ystematic uncaraiogy includad) d)
standard model.

oy ineluder

02} !

* SoLID went through DOE science review this year

* Detector in advanced pre-R&D phase, awaiting CDO
approval




® J/psi Production is a promising probe to understanding the origin of the
proton mass.

© The 3D landscape of the nucleon is challenging but many processes will help
unravel it.

© Lattice QCD and effective field theories should be benchmarked against data
but should also guide us in the corners of the phase space not accessible by
experiments as well as making new predictions.

© JLab 12 GeV, COMPASS, AMBER, SPINQUEST and EIC(s) are poised to advance
our understanding of nucleons and nuclei within QCD.
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