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Inclusive lepton
scattering

Parton model: DIS can access F(x)= %éefql. (x) (and F,(x)» 2xFl(x)) ALY

g (x)= 7281'2in (x) (and 2, (x) ~|-g (x)+ J‘ ng(y)d}

X

_ ¥
h —‘i/l I At finite Q2 pQCD evolution (g(x,Q2), Ag(x,Q?)

= DGLAP equations) and gluon radiation

%,
Nf

= access to gluons. oC, .5C, —Wilson coefficient functions

1 2 - A ,2 L
ga(x,QZ)pQw=5§eq[(m+Aq)®(l+%crg)+%f)m®

SIDIS: Tag the flavor of the struck quark with the
leading FS hadron = separate ¢;(x,Q?), Ag;(x,Q?)

Jefferson Lab kinematics: O° » M? = target mass effects,

. )2 . )2
Q(x, Q ), <th>Q(x,Q ) higher twist contributions and resonance excitations
Traditional “1-D” Parton E ®4Mm%2 0 HT _ W
Distributions (PDFs) " Non-zero R= Zx;“g 0 "'13‘1, g (¥)=g(x)-g " (x
(integrated over many ! 1

variables) = Further Q?-dependence (power series in a)



VALENCE REGION AND
MODERATE Q2 SFS FOR X1

Valence quark polarization|

ASLAC
®HERMES
Y Hall-A
BCLAS

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

1
PT>=m(3”T[“C!|S=o+“T[Ud_|s=1‘\FZU\L[UO]S:F\QC”[“L‘HH‘Zde[UU]SJ)

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

1 1
2Aq= 1 = §,-= —Zqu= A%, 0® = Au- Ad=5/3; gu® = Au+Ad- 2As-=1
q q

Relativistic Correction: lower component reduces axial charge, adds to orbital angular
momentum (p-wave) =

2Aq= AS ~ 606 g = Au- Ad=1.26; ® = Au+ Ad- 2As=~ 06
q

Hyperfine structure effect: S=1 suppressed =>d/u =0, Au/u =1, Ad/d =-1/3
forx >1=>A,=1A,=1,Ap=1

pQCD: helicity conservation (qTTp) => d/u =2/(9+1) = 1/5, Au/u = 1, Ad/d = 1
forx >1
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FIG. 40. Averages of Q%g!(x,0%) vs Q? over limited spans in x 0'1 1 100

corresponding to prominent “resonance regions” as indicated by the
ranges in W. Symbols are the same as in Fig. 39.




THE LIMIT Q% - O:

M= o dv 1
| = [012-03)—= _ZKZ
v

GDH = f
&xnz thr

relates the difference of the photo-absorption cross section for helicity 1/2
and 3/2 to the nucleon magnetic moment, i.e. a connection between dynamic
and static properties

based on very general principles, as gauge invariance, dispersion relation,
low energy theorem

DIS
at finite Q2 can be related to I'y i PpQCD
the integral of the spin structure e -
function g, R4 operator
5 ¢~ product
2 _Q / expansion
F| = fg(X,Q )dX Q2—>0 - 2M2 IGDH // p
,/quark models
strong variation of nucleon spin ChP}’ Lattice QCD?
properties as a function of Q2 ,
\ Q (Gev?)

Q?-dependence described by Chiral
Perturbation Theory (xPT) at low Q? GDH sum rule




The Limit Q2 — O:
j(01/2 03/2)

thr

Wl

= 4n°y,

Yo measures the response (“stiffness”) of the nucleon spin against
electromagnetic deformations along the spin axis

Follows from same dispersion relation and low energy theorem (limit of
forward Compton scattering) as GDH sum rule

can also be extended to finite Q2
6
N _ N A2 . Q N
I'3 —fngl (X,Q )dX 0%—0 ’.IEth)’O

much more sensitive to low-energy (high x)
part of the integral -> ideal for Jlab

plus other polarizabilities: &,

— Chiral Perturbation Theory should be able to predict
'YO(Q ), 8:(Q@?) and b in F1(Q2) _ K’ Q2+BQ4




JEFFERSON LAB IN PERSPECTIVE
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SPIN STRUCTURE FUNCTIONS
IN THE LAST 40 YEARS

SATO, MELNITCHOUK, KUHN, ETHIER, and ACCARDI PHYSICAL REVIEW D 93, 074005 (2016)
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RESULTS FROM EG1
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The SF g,, - recent results at low Q2
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The SF g,, - recent
results at low Q2
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THE
FUTURE

High precision
inclusive SSFs
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RUN GROUP C

« Experiments with CLAS12 and a longitudinally polarized p/d target
« Tentatively scheduled for 6 months in 2021-2022 (First Installment)
« Just passed Experimental Readiness Review

« Comprises 6 approved experiments

Proposal ID Title Contact Person PAC Rating Awarded Days
E12-06-109 [ Longitudinal Sping Structure of the Nucleon Kuhn A 80
E12-06-109A [0 DVCS on the neutron with polarized deuterium target Niccolai RG proposal (60)
E12-06-119(b) [ DVCS on longitudinally polarized proton target Sabatie A 120
E12-07-107 [ Spin-Orbit Correlations with longitudinally polarized target Avakian A- 103
E12-09-007(b) [ Study of partonic distributions using SIDIS K production Hafidi A- 80
E12-09-009 [ Spin-Orbit correlations in K production with polarized targets Avakian B+ 103




POLARIZED TARGET -

FROZEN AMMONIA AND DEUTERATED A
AMMONIA IN 1K LIQUID HE BATHAND S5 T
MAGNETIC FIELD, IRRADIATED WITH 140 |
GHZ MICROWAVES
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1.2

INCLUSIVE + TAGGED

SSF - HALL B
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QUARK POLARIZATION FROM KAON SIDIS
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3-D Picture of parton flavor,

= spin and momentum (TMDSs)
3D Partonic Structure™"* 7 5.0k 5.0

From 1-D to 3-D:

q(x;0%), (hxH)q(x;0°)

Traditional “1-D” Parton
Distributions (PDFs)
(inclusive, integrated over 3.D parton OrbItS (GPDs)._.. )(& 0 I~

many variables)




pDVCS simulations with RGC setup

pDVCS event generator (GENEPI): DVCS-BH on proton target, t<-1.2 GeV?
@\ cell target, NH;, noFT configuration
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n DVCS Target Spin and Double Spin Asymmetries

First time measurement of longitidunal target-spin asymmetry
and double (beam-target) spin asymmetry

Aoy, ~ sing Im{F, H+E(F +F ) (H+ x/2E) —EKF, E+...}
Aoy ~ (A+Bcosd) Re{F,F+E(F +F,)(H + xp/2E) —EKF, E+...}
— 3 observables (including BSA), constraints on real and imaginary CFFs of various neutron GPDs

L =3/20-10*cm™2s!
Run time = 40 days eND;— e(p)ny

P,=0.4; P,=0.85 CLAS12 + Longitudinally polarized target + CND

Will run in 2021




CLASI12: projections for flavor separation (ImH, ImE)

(H.E),(6.£.0) = Y5 W(H.E), (6.6~ (H.E), (£.6.0) %fxdx(Hq(x,ﬁ,t:0)+Eq(x,5,t:o>>=ﬂ
(H,E),(&,6.0) = Y s[4, E),(£.6,0~(H.E), (5.¢.0)]

s 5 s 4r
= 43— Q?=5.9 GeV?, x,=0.35 g :i Q’=5.9 GeV?, x=0.35
C ~+ Hy(p) . §_ —+ E;n(P)
3:— + Hy(n) oi_ } I '{ ~+ Em(n)
2_ Nucleon CFFs _‘::
Fits done to all the 1 ' ) SE
projected observables for  © { ! 3
pDVCS (BSA, ITSA, . —5;—
IDSA, tTSA, CS, DCS) ‘1_"'o.lz"'of4"'ofs"'o.ls"'1|'2 S Y v R T T '1|'2
and nDVCS (BSA,ITSA, e e
IDSA) of the CLASI12 510 = 8
program I L
s Q?=5.9 GeV?, x_=0.35 - Q’=5.9 GeV?, x=0.35
B + Hio(d) ‘F + Epnld)
6 + Hyp(u) 2 + E;(u)
i o }} g i
A Quark CFFs F
L _43_
/I S
o:— ) —8;_
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1
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KOTZINIAN-MULDERS ASYMMETRIES
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| L FAY 5
O HERMES
-0.1 [{CLASPRELIMINARY |- -
A CLAS]2 PROJECTED . | | | I . . . . I
0 050 050 0.5

X

k, (GeV)

A.V. Efremov, K. Goeke and P. Schweitzer, Czech.
J. Phys. 55 (2005) A189, hep-ph/0412420.

-0.5 0. 0.5 -0.5 0. 0.5

k. (GeV) k. (GeV)
B.Musch arXiv:0907.2381

Worm gear TMDs are unique (no analog in GPDs)

H. Avakian, RGC, May 30
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TIMELINE RUN GROUP C

[+)] =] [=] — o~
a a o & Q ] ~N N P by N q o
g 3 3 & 5 & 2 g 5 3 2 Z S
= 1%} [=] = Wy o = vy (=] =1
NMR Design / Build s ;
Insertion Cart Design / Pieces / Assemble — ’—
Target insert design / parts / Assemble
Annealing Vessel
Coil DES[‘I‘I‘:‘I |:h'tﬂ"5,t‘I Build I—————
Transfer Line design + build —
Target cells design/fabricate/fill -
Complete Assembly [ Cold Tests h\'-"‘- e —

Complete System tests [ Contingency |
Moller simulations/ design / fabrication

Control Software
Call for Scheduling
Draft Schedule f discussion

Schedule released |

18 month schedule |
2nd 18 month schedule |
Installation in Hall |

Running RG C

De-installation |

...followed by experiment with transversely polarized p target (HD-ICE)
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EMC ratios
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POLARIZED EMC EFFECT?

Quark-Meson Coupling Model (QMC _ _
— Chiral Quark Soliton Model (CQS)
. I. Sick and D. Day, Phys. Lett. B 274, 16 (1992). ! _ . | ‘
- EMC effect I J. Smith, J.
= = = = Polarized EMC effect : ] Miller Phys. Nuclear matter’ QZ:lO GeVZ
r ] Rev. C 72,
I 022203(R) 1.2
i (2005) Valence + sea
I
i 2 1\
i o
1 1 1 1 ] 0‘8 CQS
0 0.2 0.4 0.6 0.8 1
T
- T 'Cloeltetal.,lPRL'95,l052'30'2l 06 Va'ence Only
- 7L° l. Cloét, W. Bentz, A. , | ,
- 1 } Thomas Phys.Lett. B642, . 0.2 0.4 0.6 0.8
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POLARIZED EMC EFFECT?

Field (T)
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1-005
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E12-14-001 with CLAS12 at JLab: Ratio of g, and A, for ‘Li vs. free p
0.5F T T T T T T T
o 0.1@ 0.26 0.3@ 0.4E 0.5@ 0.6 0.7@ 0.8 0.50@ T T T T T T T
oz 0.1 0.28 0.3@ 0.48 0.5@ 0.68 0.78 0.80)
p (E] p(E]




OUTLOOK: COMPLETING
THE PICTURE

V. VYV V V V VYV

Y VYV

Nuclear effects on nucleon structure | 12 GeV
Understanding the sea— As, T - d, Au - Ad? JLab, FNAL, RHIC, COMPASS
Orbital angular momentum? -> GPDs in 3D h

Au/u and Ad/d at high x ? }JLab @

Axial and Tensor charges of the nucleon — COMPASS, JLab

Full mapping of all TMD PDFs C
In the valence and sea region

Gluon helicity distribution at large x and a small x? What Is IG
the integral AG?  JLab + COMPASS (NLO), RHIC, COMPASS SIDIS

Test of universality RHIC, COMPASS, FNAL

Test of prediction that time-odd TMDs (e.g., Sivers
asymmetry) change sign in Drell-Yan processes

What happens at really small x << 0.01? EIC

RHIC, COMPASS,
FNAL, FAIR, JPARC
vs. JLab



ENERGY LEVELS IN A
HYDROGEN-LIKE ATOM

Putting it all together — example HFS (courtesy K. Griffioen, W&M):

Eyrs(e”p) = 1.4204057517667(9)CGHz = (1+Agrp+A%+As)EL +..

21 cm / v
( ) Recoll AS _ AZ +Apol

Zemach: Ay — —2am.(r)z(1 + c“'“‘d ) < /
/ ey o0\ G M (() o
U‘>Z = %ulO{GE( ) ) 1+ 1] p ol = 51 (li? \[ Al + A )

dQ2 2) _p 2
441101} /Q Q%) + Bi(Q )}
Ay = —24m] / GD ,. 2(Q%)

B; = / dz B(7)g1(z, Q%) .
0

O11d

o

mmmmm) Measurements of form factors,

(generalized) polarizabilities By = /0 dz Ba(7)g2(z, Q%)
and (spin) structure functions 4
at small Q2 are crucial. B(r) = 5 (*?’T +27° +22 - 1)V/7(r + 1))

Ba(r) = 14+21 —24/7(T7+ 1),



PREDICTED DATA FROM CLASI12 - DIS

1.2 —

Proton W>2: Q%> 1
12—
o Q°=1-2GeV? .
, , pQCDn
B Q =2-5GeV "--_-:T;i

0.8 |
o — I
2706 |
0.4 |

02!

Q?=5-9 GeV*

Q%> 9 GeV®

A? ( D-state corrected )
o
492

Deuteron

T | T T T

e Q’=1-2GeV?
m Q% =25GeV’
Q’=5-9 GeV*

Q°> 9 GeV*




AD/D FROM DIS

Delta_d/d
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Up-to-date estimate for 15t run of RGC I



AD/D INCLUDING SIDIS
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TMDS - CLAS12

GeWe |1 213 4 516 789 10

HTCC

kp EESER |

Hﬂ.‘:l Planar mirror |

Aerogel

\

Gap

. PMTs plane

Eilipﬁcal mirror

Comprehensive Program with Longitudinal and Transverse H, D targest

Worm gear, HT

Flavor tagging
(Aq); pT dep.

Kaons Worm
gear

Two-Hadron
(Deferred)

Transversity,
Sivers, Worm
Geat,
Pretzelosity

Experiment Quantity Physics Target particle Kinematics beam run
species request | group
E12-07-107 Ay Sine NH, m, m, m° | x=0.1-0.7 30 days
Ay Sin2e ND, P=0.1-1.2 50 days
E12-09-007b Au, Ad, As X(Au-Ad) NH, o, m, m | x=0.1-0.7 30 days
Au, Ad, As ND, K*, K-, 50 days
Ko, 170
days
E12-09-009 A NH, m,m, 0 | Q3=1-9 30 days
Ay Sine ND, K K-, x=0.1-0.7 50 days
AULS|n2(P KOS PT= 0.1'1.2
PR12-11-109b | Ay h, NH, T, KK | x=0.05-0.6 30 days
ND, 50 days
100
days




