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The many reasons to study the nucleon spin structure

*Spin degrees of freedom: additional handles to test theories.
Interesting: Sn="= + +

Spin permits more complete study of QCD;
Mechanism of confinement;

How effective degrees of freedom (hadrons) emerge from
fundamental ones (quark and gluons);

Test nucleon/nuclear structure etfectives theories or models
(xPT, AdS/QCD, Dyson-Schwinger Equations...)

Precise PDFs needed for high energy or atomic physics.
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The many reasons to study the nucleon spin structure
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19708-19808 SUCCESS of constltuent quark model Suggests SN 1/zAZ )
' EMC (1987): A ~ 0

I =Nucleon spin composition is not trivial. Thus it reveals interesting
§ information on the nucleon structure and the mechanisms of the strong force |}
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* Spin permits more complete study of QCD;

* Mechanism of confinement;

* How effective degrees of freedom (hadrons) emerge from
fundamental ones (quark and gluons);

% Test nucleon/nuclear structure etfectives theories or models
(xPT, AdS/QCD, Dyson-Schwinger Equations...)

* Precise PDFs needed for high energy or atomic physics.
JLab 1s contributing to all these aspects
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Lepton

scattering spin

structure

experiments

(mostly inclusive).

.gef,f/e'?s‘on Lab

Experiment Target | Analysis | W (GeV) TR, Q? (GeV?)
E80 (SLAC) p Ay 21t026 | 0.2to0.33 1.4 to 2.7
E130 (SLAC) p A 2.1t04.0 [ 0.1t00.5 1.0 to 4.1
EMC (CERN) p A, 59t015.2 | 1.5 x 1072 to 0.47 | 3.5 to 29.5
SMC (CERN) p, d Ay 7.7t016.1 | 10~ to 0.482 0.02 to 57
E142 (SLAC) *He Ay, A, 27t05.5 | 3.6x107%t00.47 | 1.1to5.5
E143 (SLAC) p. d A, Ay [ 11t064 | 3.1x10721t00.75 | 0.45t0 9.5
E154 (SLAC) “He Ay, Ay 3.5t084 | 1.7x10°?t0 0.57 | 1.2 to 15.0
E155/x (SLAC) | p,d Ay, Ay 35t09.0 | 1.5 x 107210 0.75 | 1.2 to 34.7
HERMES (DESY) | p. *He | 4, 21t06.2 | 21x107%to0.85 | 0.8 to 20
E£94010 (JLab) “He g1, o 1.0to 24 | 1.9x107° to 1.0 0.019 to 1.2 |}
EGla (JLab) p.d | A4 1.0to21 |59x102to1.0 | 0.15to1.8 |§6CeV
RSS (JLab) pd | A, A, | 1.0to1.9 | 0.3to 1.0 0.8 to 1.4 e
COMPASS p. d A, 7.0t0 15.5 | 4.6 x 1073 t0 0.6 1.1 to 62.1
(CERN) DIS
COMPASS p. d A 5.2t019.1 [ 4x1075 to 4x 1072 | 0.001 to 1.
(CERN) low-Q?
EG1b (JLab) p, d Ay 1.0to 3.1 | 2.5x 107 to 1.0 0.05 to 4.2
E99-117 (JLab) | *He A, Ay [ 20to25 | 0.33to 0.60 2.7 to 4.8
E99-107 (JLab) | *He 91, g 2.0 to 2.5 | 0.16 to 0.20 0.57 to 1.34
E01-012 (JLab) | *He 91, Go 1.0to 1.8 | 0.33 to 1.0 1.2 to 3.3
E97-110 (JLab) | *He 91, Go 1.0t02.6 | 2.8x1072 to 1.0 0.006 to 0.3
EG4 (JLab) p, n 71 1.0to 2.4 | 7.0 x 107 to 1.0 0.003 to 0.84 |}
SANE (JLab) p A, Ay 14t028 | 0.3to0.85 2.5 t0 6.5 6 GeV
EG1ldves (JLab) | p Ay 1.0to 3.1 | 6.9x10°t00.63 | 0.6l to58 |¢ ora
E06-014 (JLab) | “He g1, g2 1.0 to 2.9 | 0.25 to 1.0 1.9 to 6.9
E06-010/011 SHe single 241029 | 0.16 to 0.35 1.4 to 2.7
(JLab) spin asy.
E07-013 (JLab) | *He single 1.7t0 2.9 | 0.16 to 0.65 1.1 to 4.0
spin asy.

E08-027 (JLab) | p 91, Go l.to2.1 | 3.0x107? to 1.0 0.02 to 0.4
E12-06-110 (JLab) | 3He | A, A, 2. 1033 | 03t00.8 2 to 10 .

RGC (JLab) pdn | A, . to 4. | 0.1t0.8 1to 10 ;12e§}ae\/
E12-06-021 (JLab)| 3He | d, 1. t03.3 | 0.2t00.95 2.5t0 6
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JLab’s spin program and the multiple aspects the nucleon
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Large x DIS at JLab: 12 GeV preliminary results
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Large x DIS at JLab: 12 GeV preliminary results
E12-06-110 (Hall C)

Spokespersons: X. Zheng, G. Cates, J. P. Chen, Z. E. Meziani
Ph.D Students: M. Chen, M. Rehfuss

L/T Pol. 3He target, with 30 uA electron beam, 85% polarized
40 cm. In-beam polarization reach up to 60%.
Luminosity (2x103¢ cm-2s-1) and FOM are

FOM=(Target Polarization)’xBeam Current

< |
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A factor of ~2 improved over the world record!
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Large x DIS at JLab: 12 GeV preliminary results
E12-06-110 (Hall C)

Asymmetry A 2fe
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e Credit to Mingyu Chen (UVA)
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PDFs at JLab: 12 GeV preliminary results

Preliminary results from d; (3He) in Hall C:
Twist-3 matrix element — quark-gluon correlations (color polarizability/color Lorentz force)
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PDFs at JLab: 12 GeV preliminary results

Preliminary results from d; (3He) in Hall C:

Twist-3 matrix element — quark-gluon correlations (color polarizability/color Lorentz force)
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JLab’s spin program and the multiple aspects ; he

> 1
—

&

7))

-

<

=

e

27

Q d.o.f: quarks and flux
L% tubes/QCD strings(?)

d.o.f: hadrons§s®,
(nucleons, pions:.
L

—

> 7

4 Sum Rule studies!

4-momentum transfer Q2

Jefferdon Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Sum Rules

Sum rule: relation between an integral of a dynamical quantity (cross section, structure function,...) and a
global property of the target (mass, spin,...).

Can be used to:

eTest theory (e.g. QCD, ¥EFT) and/or hypotheses with which they are derived. Ex: GDH, Ellis-Jaffe,
Bjorken sum rules.

eMeasure the global property. Ex: spin polarizability sum rules.
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Sum Rules

Sum rule: relation between an integral of a dynamical quantity (cross section, structure function,...) and a
global property of the target (mass, spin,...).

Can be used to:
eTest theory (e.g. QCD, ¥EFT) and/or hypotheses with which they are derived. Ex: GDH, Ellis-Jaffe,
Bjorken sum rules.
eMeasure the global property. Ex: spin polarizability sum rules.

Here, we will discuss spin sum rules, in which the integral is over spin structure function(s).

eGerassimov-Drell-Hearn (GDH) sum rule,
*Bjorken sum rule,

eSchwinger sum rule,

e Burkhardt—Cottingham (BC) sum rule,
*Spin polarizability sum rules.
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The GDH and Generalized GDH Sum Rules

GDH sum rule: derived for real photons (Q%=0):

QED coupling
constant

00)

oa(v)-opr(v)

|

Vthr

AT2S e target anomalous

dv = magnetic moment

A

2
MN

photoprod. cross
section with photo
spin anti-parallel to S

\

| :
target mass target spin

photon spin parallel to S
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The GDH and Generalized GDH Sum Rules

GDH sum rule: derived for real photons (Qz=0):

QED coupling
y(v) % “/ Contsefglett anomalous
VM/L — I Ga(v)-0p(v) dv = A5 00k magnetic moment
— v M2 &
‘\ Vthr T \ \

photopr(:d. Cross \ arget mass target spin
n

section with photon “photon spin parallel to S
spin anti-parallel to S

Generalized GDH sum rule: valid for any Q2. Recover the original GDH sum rule as Qz—-0

Xth

I 1 (Qz) Ig 1 (X 2) dX 2M2 1 (O QZ) [,(v,Q?): first covariant polarized VVCS

amplitude
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The GDH and Generalized GDH Sum Rules

GDH sum rule: derived for real photons (Qz=0):

QED coupling
y(v) % “/ Contse?gett anomalous
VM/L — I Ga(v)-0p(v) dv = A5 00k magnetic moment
— v M2 &
G\ Vthr T \ \

phOtOpr(:d, CTOSS \ target mass tafget spin
n

section with photon “photon spin parallel to S
spin anti-parallel to S

Generalized GDH sum rule: valid for any Q2. Recover the original GDH sum rule as Qz—-0

Xth

I (Q 2) I g1 (X 2) dx = 2M2 1 (() Qz) I,(v,Q?): first covariant polarized VVCS

amplitude
S
66 6%
% 6@‘?36
AC T 2O O
=>Study QCD at any scale O o089 KON 80
P K© P K
Q Q >
m o ()2
Chiral Effective field OPE, pQCD

L(0,Q%):  theory ((EFT)

Lattice QCD, SDE, AES’QCD
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The GDH and Generalized GDH Sum Rules

GDH sum rule: derived for real photons (Qz=0):

QED coupling
y(v) % “/ Contsefglett anomalous
VM/L — I Ga(v)-0p(v) dv = A5 00k magnetic moment
— v M2 &
‘\ Vthr T \ \

photopr(:d. Cross \ arget mass target spin
n

section with photon “photon spin parallel to S
spin anti-parallel to S

Generalized GDH sum rule: valid for any Q2. Recover the original GDH sum rule as Qz—-0

Xth
9) o) N\ | I, (v,Q?): first covariant polarized VVCS
FI(Q ) jg](X )dX 2M2 1(0 Q ) almplitude
=>Study QCD at any scale
02
I](Oan) :
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Bjorken sum rule = Generalized GDH sum rule on proton - neutron: I*™ = J gl — gldx

* Derived (1966) independently from GDH sum rule (1965/1966) and using different formalisms.
* Connection with generalized GDH sum rule occurred much later (Anselmino:1989 ..... Ji-Osborne:1999)
* Provided crucial test that QCD works also when spin d.o.f. are explicit.
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anomalous magnetic

M? [ - ~ momentxcharge

Schwinger sum rule: /, (Q?%) = ? (gl + 8)dx ——» Ke,

0
g,(x,Q?): second spin structure function (mostly a perp. target pol.

observable)
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Schwinger sum rule: /, (Q?%) = ? (gl + 8)dx ——» Ke,
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observable)
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Burkhardt—Cottingham sum rule: I,(Q?) = [ 2,(x,0H)dx =0 V Q?
0
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M? [ - ~ momentxcharge

Schwinger sum rule: /, (Q?%) = ? (gl + 8)dx ——» Ke,

0
g,(x,Q?): second spin structure function (mostly a perp. target pol.

observable)

1
Burkhardt—Cottingham sum rule: I,(Q?) = [ 2,(x,0H)dx =0 V Q?
0

Spin polarizability sum rules involve higher moments:

Generalized forward spin polarizability:
—4M? [x2(g AM 42
Longitudinal-Transverse polarizability:

_4e’M? (2
i T;LQ( x*(g +g,)dx
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Bjorken sum rule = Generalized GDH sum rule on proton - neutron: I*™ = J gl — gldx

* Derived (1966) independently from GDH sum rule (1965/1966) and using different formalisms.
* Connection with generalized GDH sum rule occurred much later (Anselmino:1989 ..... Ji-Osborne:1999)
* Provided crucial test that QCD works also when spin d.o.f. are explicit.

anomalous magnetic

M? [ - ~ momentxcharge

Schwinger sum rule: /, (Q?%) = ? (gl + 8)dx ——» Ke,

0
g,(x,Q?): second spin structure function (mostly a perp. target pol.

observable)

1
Burkhardt—Cottingham sum rule: I,(Q?) = [ 2,(x,0H)dx =0 V Q?
0

Spin polarizability sum rules involve higher moments:

Generalized forward spin polarizability:
—4M? [x2(g AM 42
Longitudinal-Transverse polarizability:

_4e’M? (2
i T;LQ( x*(g +g,)dx

We do not know how to measure directly generalized spin polarizabilities. The sum rules are used to access them.

First measured in the 1990s at Jefferson Lab:
* 7,(Q?) on proton & neutron,

* 0;7(Q?) on neutron.
.!effe,?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Testing yEFT

Important to test yEFT: the leading effective theory dealing with the first level of
complexity emerging from the Standard Model.

Nuclear physics
d.o.f: hadrons

hadronic physics
d.o.f: hadrons

*

Fundamental forces: electromagnetic, weak, st'rong, gravitation
Fundamental particles: quarks, electrons, neutrinos...

=> Crucial piece of our global understanding of Nature.

<« yEFT

vEFT has been very successful in describing many hadronic and nuclear phenomena.
However, the late 1990s JLab experiments suggested that it did not describe well
nucleon spin observables, or/and that the Q2 range of validity of yEFT was smaller
than expected for spin observables.

.geff;?son Lab

A. Deur Hadron24, Dalian, China, 08/07/2024



JLab’s first generation of yEFT tests/polarizability measurements at low Q2

A:~
Results from JLab 1990°s experiments (Hall A E94010, CLAS EGla,b): X ~?1ig§ae§ree
Generalized Bjorken SR Generalized . . . eye - : No pI’CdiCtiOIl available
GDH GDH generalized spin polarizabilities
p n p—n ptn p n —n pt+n n
Ret. Iy 15 15 % |0 | % 70 Orr | OLr

J1 1999 X | X A X - | - - - . -
Bernard 2002 | X | X | A X [ XA X X X
Kao 2002 - | - - - X | X | X X X

1990s-2000s yEFT predictions in tension with
spin observable data more often than not.
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Testing yEFT

Yet, some of the spin observables were expected to be well suited for testing yEFT :

p n
F1 LT

P

e

A M4 M

More robust measurements (no significant
missing low-x contribution).

I I I
Nucleon resonance A1232 contribution suppressed

(More robust YEFT calculations)

Jefferdon Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Testing yEFT

A: ~agree

Results from JLab 1990°s experiments (Hall A E94010, CLAS EGla,b): _
X: ~disagree
- : No prediction available
Ref. I
J1 1999 X
Bernard 2002 | X
Kao 2002 3

YEFT calculation problem? Or were the experiments not reaching deep enough into
the YEFT applicability domain, 1.¢., at low Q2?

= | ¢ Refined yEFT calculations, with improved expansion schemes & including the

A1232.
* New experimental program at JLab reaching well into the yEFT applicability

domain & with improved precision.
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Estimating sum rules at low QZ:
Low Q2 + covering large v range so that sum rule’s integrals can be formed=forward angles
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Estimating sum rules at low Q?2:
Low Q2 + covering large v range so that sum rule’s integrals can be formed=forward angles

E97-110 (neutron, using longitudinally

and transversally polarized 3He):
Spokespeople: J.P. Chen, A.D., F. Garibaldi

Students: C. Peng (Duke U.), J. Singh (UVa), JLab Hall A:
V. Sulkosky (W&M), J. Yuan (Rutgers U.)

E08-027 (NH,, longitudinally and

transversally polarized):
Spokespeople: A. Camsonne, J.P. Chen, D. Crabb, K. Slifer

E03-006 (NH,, longitudinally polarized):

Spokespeople: M. Ripani, M. Battaglieri, A.D., R. de Vita
Students: H. Kang (Seoul U.), K. Kovacs (UVa) EG4 run group

E06-017 (ND;, longitudinally polarized): | y1 41 Hall B:

Spokespeople: A.D., G. Dodge, M. Ripani, K. Slifer
Students: K. Adhikari (ODU)

Jefferdon Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Structure functions

Lots of data on spin structure functions and their moments

from E97-110, E03-006 and E05-111
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Lots of data on spin structure functions and their moments
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Lots of data on spin structure functions and their moments
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Summary: testing/using sum rules

Sum rule: relation between an integral of a dynamical quantity (cross section, structure function,...) and a
global property of the target (mass, spin,...).

Can be used to:

eTest theory (e.g. QCD, xEFT) and/or hypotheses with which they are derived. Ex: GDH, Ellis-Jaffe,
Bjorken sum rules.

eGerassimov-Drell-Hearn sum rule:
I’ (0* — 0) agrees with GDH expectation,

olffT(Q2 — 0) and I?T(Q2 — 0) ~agree with GDH expectations,
o/ 3He(Qz) O*-behavior too steep for O* — 0 extrapolation, but no sign that anything is wrong.

.Fg(Qz) = 0 and F;He(Qz) = 0 with uncertainty, in agreement with Burkhardt—Cottingham sum rule.

oI,’J’T(Q2 — () agrees with Schwinger sum rule. / 3He(Qz — () unclear, but no sign that anything is wrong.

eMeasure the global property.

Generalized forward spin polarizability: y,(0?), O*-map for proton, neutron, p =+ n and deuteron.
eGeneralized Longitudinal-transverse spin polarizability o, ;. O?-map for neutron and proton.

.geff;?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Testing yEFT

A: ~agree

State of yEFT affairs before the new JLab program:  X: ~disagree

- : No prediction available

Ref. I

J1 1999 X
Bernard 2002 | X
Kao 2002 -

More robust measurements (no significant
missing low-x contribution. More on this later)

Nucleon resonance A1232 contribution suppressed
(More robust YEFT calculations)

A.Deur Hadron24, Dalian, China, 08/07/2024

.gefi/e'?son Lab



Testing yEFT
A: agree over range 0<Q?=<0.1 GeV?2

X: disagree over range 0<Q?=<0.1 GeV2
- : No prediction available
Ref. | Iy

J1 1999 X
Bernard 2002 | X

Kao 2002
Bernard 2012 state of the
Alarcon 2020 art YEFT

More robust measurements (no significant
missing low-x contribution. More on this later)
i i i

Nucleon resonance Ai232 contribution suppressed
(More robust YEFT calculations)

Jefferdon Lab A.Deur Hadron24, Dalian, China, 08/07/2024



A: agree over range 0<Q?<0.1 GeV?
X: disagree over range 0<Q?=<0.1 GeV2

- : No prediction available

Testing yEFT

Ref CYIDY I DP ™ 0" 196 6 |6 | | OFr | Ofr
J1 1999 X | X A X - | - - - - -
Bernard 2002 | X | X A X | XA X X X
Kao 2002 - - 2 . XX |1 X X X
ernar 1 ~A
Alarcén 2020 | A | A | ~A A A X ]| X X | A X

Despite yEF”
and despite ¢

remains chall

Improvement compared to the state of affaires of early 2000s.

" refinements (new expansion scheme, including the A 53, d.o.f,...)

ata now being well into the expected validity domain of yEFT, 1t
enged by results from dedicated polarized experiments at low Q2.

.geft:;?son Lab

A. Deur Hadron24, Dalian, China, 08/07/2024



Conclusion
JLab: wide nucleon spin structure program: pQCD & strong QCD.

Preliminary AiHe 12 GeV data at large x: crucial test of pQCD. Sensitivity to quark OAM.

Preliminary g;He 12 GeV data for d;: quark-gluon correlations/color forces.

.geff;?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Conclusion
JLab: wide nucleon spin structure program: pQCD & strong QCD.

Preliminary AiHe 12 GeV data at large x: crucial test of pQCD. Sensitivity to quark OAM.

Preliminary g;He 12 GeV data for d;: quark-gluon correlations/color forces.

New high precision nucleon spin structure data in the domain where yEFT is expected to be valid.
General good agreement between experiments.
The data agree within uncertainties with the spin sum rules studied: GDH, BC, Schwinger.
Mix of agreement/disagreement with yEFT, depending on observable, Q? range and calculations.

= yEFT, although successful in many instances, is challenged by polarized low Q2 data.

.geff;?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



Conclusion
JLab: wide nucleon spin structure program: pQCD & strong QCD.

Preliminary AiHe 12 GeV data at large x: crucial test of pQCD. Sensitivity to quark OAM.

Preliminary g;He 12 GeV data for d;: quark-gluon correlations/color forces.

New high precision nucleon spin structure data in the domain where yEFT is expected to be valid.
General good agreement between experiments.
The data agree within uncertainties with the spin sum rules studied: GDH, BC, Schwinger.
Mix of agreement/disagreement with yEFT, depending on observable, Q? range and calculations.

= yEFT, although successful in many instances, is challenged by polarized low Q2 data.

This 1s a problem 1n our endeavor for a complete

> ) Nuclear physics
description of Nature at all levels: YyEFT 1s the d.o.f: hadroyns
leading approach to manage the first level of EFT—p
complexity arising above the Standard Model, in X ha(f??i;i?rﬁgs

the strong force sector. Just as if atomic physics A
Could. not pI‘OVlde the theoretical foundations of Fundamental forces: electromagnetic, weak, st'rong, gravitation
chemlstry. Fundamental particles: quarks, electrons, neutrinos...

It would be helpful to see what other non-perturbative approaches to QCD would predict: Dyson-
Schwinger Egs., Lattice QCD, AdS/QCD...

.geff;?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024
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Bjorken sum rule

Bjorken sum rule = Generalized GDH sum rule on proton - neutron
* Derived (1966) independently from GDH sum rule (1965/1966) and using different formalisms.
« Connection with generalized GDH sum rule occurred much later (Anselmino:1989 ..... Ji-Osborne:1999)
» Provided crucial test that QCD works also when spin d.o.f. are explicit.

B B 1 a, Qa, 2 Qa, . a, 4
F’f = gf "dx = —gu|1l ——=358 — ) =2021(— ) =175.7|—) —...
6 T T T T

[ /

Nucleon’s  Nucleon axial Non-perturbative 1/Q2n

First spin D radiati .
b charge. (Value pQCD radiative power corrections.
structure of (0% inthe  corrections (MS Scheme.)
1 (+rad. corr.)

function Q* — oo limit)




Bjorken sum rule

Bjorken sum rule = Generalized GDH sum rule on proton - neutron
* Derived (1966) independently from GDH sum rule (1965/1966) and using different formalisms.
« Connection with generalized GDH sum rule occurred much later (Anselmino:1989 ..... Ji-Osborne:1999)
» Provided crucial test that QCD works also when spin d.o.f. are explicit.

B B 1 a, a, 2 a, : Qa, 4
Fli n = gf dx = —g|l —— =358 — ) -2021{ — ) = 1757(— | —...
6 VA T VA VA

I

Valid in pQCD domain
only (not at low Q?)



Spin structure function gf (W, O?) data from EG4
g} vs W by Q2 Bin

- Q% =0.012 - Q% =0.014 - Q% =0.017 ‘ - Q% =0.020 ‘ - Q% =0.024
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EG4 data X. Zheng et al.,
° EG1Db data Nature Physics, 17 736 (2021)

“Model” (Fit to EG1b + other published data).




Spin structure function g; dW, 0?) data from EG4

. | . | . . . . | . . . . | .
117 13 15 17 1911 13 15 1.7 1911 13 1.5 . 19112 13 15 17 1911 13 15 17 1911 13 15 1.7 19

W (GeV)
K. Adhikari et al.
PRL 120, 062501 (2018)

EG4 data
® EG1b data

“Model” (Fit to EG1b + other published data).




Spin structure function g'(W, 0?) data from EG4

gt vs W by Q? Bin

0.5[Q% = 0,017,

Q2 = 0.020 Q2 = 0.024

Q2 = 0.029

_Qﬁ 0.042 l
E? E' 0_\- . s
F 1\ ivhlw";f.’ lilid i

0.071. &:i'f+le+o++..l}‘ l | 7‘ E .‘+|+l.| .ll

Q2 =10.707

t

N T e i N
(3 ++T'TTTT
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W (GeV)
EG4 data
® EG1b data

“Model” (Fit to EG1b + other published data).




Spin structure function g7~ (W, 0?) data from EG4

EG4 data
® EG1b data

“Model” (Fit to EG1b + other published data).



Spin structure function nge(W 0?) and g3He(W, 0?) data from E97-110

We do not know how to reliably extract neutron information from 3He for non-integrated quantities (e.g., spin
structure functions, polarized cross-section difference...)

V. Sulkosky et al.
PLB 805 135428 (2020)

We observe the expected g; ~ — g,
symmetry near the A ,s»,.
A: ~M; transition = o; p x g, + g, ~ 0

D

Large W coverage to test sum
rule convergency

E = 2234 MeV, 9.03 [ E =3775MeV, 9.03

&

- g, systematic
- g, systematic
T ° - IR g, corelated systematic

E =3319 MeV, 9.03

i - g, corelated systematlc
1000 W [MeV] 2000 1000 1500 W [MeV] 2000 2500




Polarized cross-section

U;P}e(v, 0?) data from E97-110

We do not know how to reliably extract neutron information from 3He for non-integrated quantities (e.g., spin
structure functions, polarized cross-section difference...)
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Polarized cross-section o He(v 0?) data from E97-110

We do not know how to reliably extract neutron information from 3He for non-integrated quantities (e.

structure functions, polarized cross-section difference...)

_ dn’a V. Sulkosky et al.
Ot = 181+ 8) Nature Phyysics, 17 687 (2021)
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giHe(v, Qz) and g;He(v, Q2) with quasi-elastic, from E97-110
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First moments: generalized GDH sum F’i (0?) measurement from EG4
X. Zheng et al.,

_ ] £ Alarcon et al. Nature Physics, 17 736 (2021)
1 5 0.08 - X4 Bernard et al. ’
1—71) = gf (x, O%)dx R Burkert et al.
0 { —=—=- GDH slope

——= Pasechnik et al.
MAID (Resonance only)
—— Parameterization
® This work (full integral)
0.04 1 & This work (measured)
|1 4 EGIb (full integral)

0.00

£
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1

0.00 0.05 0.10 0.15 0.2 1.0
Q% (GeV?)

.geffg?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



First moments: generalized GDH sum F’l’ (0?) measurement from EG4

X. Zheng et al.,

1 B2 Alarcon et al. Nature Physics, 17 736 (2021)
| &% Bernard et al. ’

0.08 _ Burkert et al.
{ —-- GDH slope
1 === Pasechnik et al.
To get to x=0 would demand 0.06 ~ MAID (Resonance only)
infinite beam energy = Any | Parameterization

measured moment has a low-x 1 @& This work (full integral)
limit. For EG4 & E97-110, it 1s 0.04 71 ¢ This work (measured)
x,. =~ 5% 1073 typically. A EGIb (full integral)

= 0.02

0.00
—0.02 -~

—0.04 -

£
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

0.00 0.05 0.10 0.15 0.2 1.0
Q% (GeV?)

.geff;?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



First moments: generalized GDH sum F’l’ (0?) measurement from EG4

1 ¥2&% Alarcon et al.
2% Bernard et al.

0.08 A
i Burkert et al.
{ —-- GDH slope
1 === Pasechnik et al.

0.06 -

Parameterization

1 @
0.04 ' ® This work (measured)
A EGIb (full integral)

= 0.02 -

MAID (Resonance only)

This work (full integral)

X. Zheng et al.,
Nature Physic/s, 17 736 (2021)

0.00

—0.02 -~

® Small unmeasured low-x contribution
o [owest Q? decreased by factor of ~4
® Much improved precision

—0.04—-
000 005 ol0 ois o2 | ¢
Q% (GeV?)
=(lean test of YEFT

.geft:;?son Lab

A. Deur Hadron24, Dalian, China, 08/07/2024



First moments: generalized GDH sum F’i (0?) measurement from EG4
X. Zheng et al.,

_ ] £ Alarcon et al. Nature Physics, 17 736 (2021)
1 5 0.08 - X4 Bernard et al. ’
1—71) = g{) (x, O%)dx R Burkert et al.
0 { —=—=- GDH slope

1 —-- Pasechnik et al.
0.06 - MAID (Resonance only)
—— Parameterization
1 ® This work (full integral)
0.04 4 & This work (measured)
|1 4 EGIb (full integral)

= 0.02 -

0.00
—0.02 -~

—0.04 -

0.00 I(I).O5 0.1(;)I I(I).léI I(;).Z | - I1.0
Q* (GeV?)

eSlight tension between EG4 and EG1b above Q?~0.1 GeV2. EG4: improved elastic radiative tail subtraction.

£G4 and yEFT agree up to Q% ~0.04 GeV?2 (Bernard et al) or Q2>0.2 GeV2 (Alarcon et al.)

eSome phenomenological models (Burkert-Ioffe, MAID) agree with data, other (Pasechnik et al) not as much.

.geffg?son Lab A.Deur Hadron24, Dalian, China, 08/07/2024



First moments: generalized GDH sum F’IZ(QZ) from E97-110 & EG4

0.04 q 224 Alarcon et al. ¢
1= 1 &2 Bernard et al. *
Frll = J gi@ (x, Qz)dx Burkert-Ioffe ¥
0 0.02 - MAID 4
{1 —-- Pasechnik et al.
F’f = 2F‘f/ (1 — I.Sa)d) — F]i 1 —— Parameterization 2

JLab EG4
JLab EG1b
JLab EGla
JLab E97-110
JLab E94-010
SLAC E143

X. Zheng et al.,

Naturel Physics, 17 736 (2021)
V. Sulkosky et al.

PLB 805 135428 (2020)

-0.08 A

Q* (GeV?)

o [owest Q? decreased by factor of ~4 (EG4) and ~2 (E97-110)

® Much improved precision, noticeably E97-110

0.00 0.05 0.10 0.15 0.2

1.0

=(lean test of yEFT

.geff;?son Lab

A. Deur Hadron24, Dalian, China, 08/07/2024



First moments: generalized GDH sum F’IZ(QZ) from E97-110 & EG4

) 0.04 4 2224 Alarcén et al. ¢
1 5 1 &% Bernard et al. ]
Frll = g{l (x, O°)dx | Burkert-Ioffe ¥
0 0.02 - MAID 4

, J - { === Pasechnik et al.
Fl — 2F1/<1 - 1.5a)d) - Fl 1 — Parameterization L 4

JLab EG4
JLab EG1b
JLab EGla
JLab E97-110
JLab E94-010
SLAC E143

X. Zheng et al.,
Nature Physics, 17 736 (2021)

I
V. Sulkosky et al.

PLB 805 135428 (2020)

-0.08 A

Q* (GeV?)

0.00 0.05 0.10 0.15 0.2

1.0

e£97-110 and EG4 agree well. They also agree with older data at larger Q2 (EG1b, E94-010).

*E97-110 and EG4 agree with YEFT up to Q% ~0.06 GeV? (Bernard et al) or Q%>0.4 GeV?Z (Alarcon et al.)
eSome phenomenological models (Burkert-loffe) agree with data, others (MAID, Pasechnik et al) not as much.

.geft:;?son Lab

A. Deur Hadron24, Dalian, China, 08/07/2024



First moments: Bjorken sum F’i (02 from E97-110 and EG4

) 1 &% Alarcoém et al. T ) L
1 0.12 | ©2% Bernard et al. / 'T
1—71) "= gf — g{l dx ] Burkert-Ioffe T 17 1 /1 #/
0 { —-- GDH slope + /
0.1 4 -—- HLFQCD Y
Proton-neutron = Bjorken sum | MAID (Res only) TE
] —-- Pasechnik et al. T/ /!
A-resonance contribution ~ 0.08 1 JLab EG4 /!

JLab EG1b

¢
- .
suppressed for the Bjorken sum \  JLab EGLb DVCS
A
+

: .

I 0.06 - JLab EG4/E97-110
IQF' . JLab EGla

— | JLab E94-010/EG1la 1

0.04_' 4 SLACE143

0.02

0.0 _A‘

0.0 0.05 0.1 0.2 1.0
02 (GeV?) A.D. et al. PLB 825 136878 (2022)

E97-110 & EG4 somewhat above yEFT predictions and most phenom. models for Q2<0.1 GeV=.



First moments: generalized GDH sum Ff(Qz) measurement from EG4
- 1 £ Alarcon et al. Deuteron photo-desintegration
“d Bernard et al. contribution excluded
d _ d 2 i
Fl — [ 81 (x, 0 )dx Burkert-Ioffe (SO here, “d”~p+n)
0 MAID (Res only)
0.05 - L
—— Parameterization
] ——- Pasechnik et al.
® This work (full integral)
® This work (measured)
# JLab EG1b
L, 00 ;
-0.05 - ?
_l\&_

0.00 0.05 0.10 0.15 0.2 1.0

K. Adhikari et al.
2 2 ’
Q* (GeV~) PRL 120, 062501 (2018)

eEG4 and EGI agree well.
*EG4 and yEFT agree up to Q2~0.04 GeV2 (Bernard et al) or Q%2>0.3 GeV 2 (Alarcén et al.)



First moments: generalized GDH sum F?HQ(QZ) from E97-110

0.02

.
= | g 03
0

0.00-

~0.021 |
S | |
~0.04 % } '\Q(b
é\é\
Q’(
~0.061 l
—09%7% 0.1 0.2 0.3 0.4

Include 3He quasi-elastic

B E97 syst.
E94 syst.
¢ E97 data
}  E94 data

N

02 (GeV?)

0.5




First moments: Burkhardt—Cottingham sum rule on neutron from E97-110

1

FZ(QZ) = " g2, dx =0

0 V. Sulkosky et al.

B-C sum rule PLB 805 135428 (2020)

0.04

| L | 1
ki
K
HOr

T ol ¢ ;% X
— 0 FREsss s zﬁ@?gggﬁéng
cw [ bohdi
— L « E97-110 Resonance
-0.02— o E97-110 Resonance+exitr.
- o E97-110 Resonance+extr.+elastic
- A E94-010 Resonance+extr.+elastic
0 04__ 0 SLAC E155x
—UUR o RSS Resonance
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B MAID 2007
_0.01602 ] ] ] II1|0|1 ] ] ] ] III|
- B 1
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E97-110 verifies the B-C sum rule at low Q2. Older experiments at higher Q2 also verify it.



First moments: Burkhardt—Cottingham sum rule on 3He from E97-110
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Another generalization of GDH sum: I;T(QZ). EG4 Data

X. Zheng et al., ———

5 1 2% Alarcoén et al. Nature Physics, 17 736 (2021)
M “Koy,—o 0757 o B d et al
I (Qz) — A de - ernard et al.
T — .
871.2“ . U U ] MAID (Resonance only)
thr 0.5 4 —— Parameterization
K: virtual photon flux 1 & This work (full integral)
025_' & This work (measured)
NO Suppressing Q2 factor. ) ] MW Ahrens et al. (real photon)
ontains not measured by EG4 T m
C 8> ( ured by EG4) 0.0 - Y oo
(0]
Qt -0.25 A
i~ -
% -0.5 ]
=
-
O -0.7
S
&b 1%
5 = -1.0 ]
11.25 1
LA L L L L L L L L L ! ! o
0.00 0.05 0.10 0.15 0.2 1.0

Q* (GeV?)
Extrapolating the (very low Q?) data to Q*=0 provides an independent check of the GDH SR validity, with
a different method (inclusive data) than photoproduction experiments (exclusive data).

1P F9%(0) = — 0.798 £ 0.042

Agrees with the GDH SR, with precision similar to photoproduction method: 72.M*M(0) = — 0.832 % 0.023(stan$ =+ 0.063(sys?)




Another generalization of GDH sum: I?T(Qz). E97-110 & EG4 Data

10 V. Sulkosky et al.
M2 ® ¥ -0 1 &0 Alarcom et al. ® JLab EG4 PLB 805 135428 (2020)
ITT(QZ) = A P | 2% Bernard et al. A JLab E97-110
8m?a ), v v 0.5 MAID jLab E94-010
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K: virtual photon flux

No suppressing Q2 factor.

Contains g, (measured by E97-110;
not measured by EG4)

Extrapolation (EG4 data only) yields first direct

experimental check of the original GDH sum on
the neutron. 2.5 7

I.EG40) = — 1.084 £ 0.1
T (O) 03 0-130 0.00 0.05 0.10 0.15 0.2 1.0

Q* (GeV?)
*E97-110 and EG4 agree with each other and with older data at larger Q2.
*E97-110, EG4 and xEFT:eagree for lowest data point (Q2~0.04 GeV2) for Bernard et al.

edisagree with Alarcon et al. except at the higher Q2.
eMaid disagrees with the data.




Another generalization of GDH sum: f‘%T(QZ). EG4 Data

Q=50
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Another generalization of GDH sum: / 3T§18(Q2), E97-110 Data
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First moments: Schwinger sum rule on neutron from E97-110

, Q M2 1
L0 =——| (& +8)dx o> xe,
Q 0 anomalous magnetic V. Sulkosky et al.
momentxcharge Nature Physics, 17 687 (2021)
o~ 2]
&) |
— O  E97-110 Resonance
C__I
_ —— MAID 2007
1_
Schwinger - |
> 0 f
Relation i i T + *
(neutron) 1 + +
—H $ +
® E97-110 Total
_ e GDH T, + FF Param.
= [ ——
0 0.1 0.2 03
Q? (GeV/c)?

E97-110 (+GDH+BC sum rule+known neutron elastic form-factor) agrees with Schwinger sum rule.



First moments: Schwinger sum rule on 3He from E97-110
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Higher moments: Longitudinal-transverse spin polarizability o;  from E97-110

5 16aM? (1
o1 7(Q°) = 06 J

2
X [8 t 82] c'l,x V. Sulkosky et al.
0 3T

. Nature Physics, 17 687 (2021)

_1 — MAID 2007 Alarcon etal. xEFT (iate of the

j A Hall A E94-010 Bernard et al. yEFT art XEFT

j ® Hall AE97-110 === Kao et al. O| p*} HBXPT| Older yEFT
-2 56 mm Bernard et al. RByPT predictions

‘ 535
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» Good agreement with older data at larger Q2 and with yEFT & MAID thle_re.
. Disagreement with yEFT & MAID at lower Q?, although first moment J x* [gl + gz] dx agrees with
0

Schwinger sum rule.
o« =51 (Q?) puzzle” still remains.



Higher moments: Generalized forward spin polarizability yg (Q?) from EG4
X. Zheng et al.,

70(Q2) =

16aM?

£26

1-

1.0
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0.0

-3.0

-3.5
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0.00

*xEFT result of Alarcon et al agrees with data.
eBernard et al. yPT calculation agrees for lowest Q7 points. Large slope at low Q2 supported by the MAMI+EG4 data
eMaid disagrees with the data.
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Higher moments: Generalized forward spin polarizability y; from E97-110 and EG4

X. Zheng et al.,
Nature Physics, 17 736 (2021)
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oyEFT result of Alarcén et al disagrees with data. Bernard et al. agrees for lowest O points.
eMaid disagrees with the data.

N2 1 X701



Higher moments: Generalized forward spin polarizability yg(Qz) from EG4

K. Adhikari et al.

PRL 120, 062501 (2018)
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*EG4 agree with older EG1b data at larger Q2.
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oyEFT result of Alarcon et al disagrees with data. Bernard et al. calculation agrees for lowest Q2 points.

*Maid disagrees with the data.



Isospin decomposition of y,(Q?)

[ & JLab EG4
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o Agreement with older (larger Q) experiment, EG1b, E94010.
eTension between EG4 (p from H and D, n from D) and EG4/E97110 (p from H and n from 3He).
oxEFT result of Alarcon et al disagrees with data.

eBernard et al. EFT calculation agrees for 7 " and for yo " for lowest 02 points.

eBoth new and old data (from 5 different experiments) indicate that ;/(’)’ ~" is positive.



Isospin decomposition of y,(Q?)
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JLab’s first generation of YEFT tests/polarizability measurements at low Q?

Results from JLab 1990’s experiments (Hall A E94010, CLAS EG1la,b):
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JLab’s first generation of YEFT tests/polarizability measurements at low Q?

Results from JLab 1990’s experiments (Hall A E94010, CLAS EG1la,b):
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1990s-2000s yEFT predictions in tension with spin observable data more often than not.



JLab Hall A experiment E97-110 V- Sulkosky etal.

Nature Physics, 17 687 (2021);
Phys.Lett.B 805 135428 (2020)

Main goal: measurement of the generalized GDH sum for the neutron at very low Q2.

Spokespeople: J.P. Chen, A.D., F. Garibaldi.

Students: C. Peng (Duke U), V. Laine (Clermont U), J. Singh (UVa), V. Sulkosky (W&M), N. Ton (UVa),
J. Yuan (Rutgers U).
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JLab Hall A experiment E97-110 V- Sulkosky etal.

Nature Physics, 17 687 (2021);
Phys.Lett.B 805 135428 (2020)

Main goal: measurement of the generalized GDH sum for the neutron at very low Q2.

Spokespeople: J.P. Chen, A.D., F. Garibaldi.

Students: C. Peng (Duke U), V. Laine (Clermont U), J. Singh (UVa), V. Sulkosky (W&M), N. Ton (UVa),
J. Yuan (Rutgers U).

Motivations for E97-110:

*Provide very low O nucleon spin data to test YEFT,

*Test original GDH sum rule with inclusive data.

*QObservables of interest: spin sum rules, generalized spin polarizabilities.

E97-110 aimed at precision measurement of neutron spin structure (polarized 3He target).
E97-110 1n Hall A: high resolution, small solid angle detectors. (EG4: Hall B, lower resolution, large solid angle’

3He target has transverse polarization capability:

*No need to model g,(x, 0?) for I';(0?), I(0?) and y,(0?),
*g,(x, 07) data and associated sum rules,

+57(0?) data.



The EG4 experiment Group

Main goal: generalized GDH sum for the proton, neutron & deuteron at very low Q2.

E03-006 (NH,):

Spokespeople: M. Ripani, M. Battaglieri, A.D., R. de Vita X Zhengetal,
Students: H. Kang (Seoul U.), K. Kovacs (UVa) Nature Physics, 17 736 (2021)

E05-111 (ND,)

Spokespeop 161 A.D.’ G DOdge’ M. Ripani’ K. Shfer K.P. Adhikari et al. (CLAS Collaboration),
Students: K. Adhikar1 (ODU) PRL 120, 062501 (2018)

Focus on inclusive analyses, but exclusive analysis (¢ p — ext(n)) also available.

X. Zheng et al., PRC 94, 045206 (2016)



Large x at JLab: 12 GeV preliminary results
E12-06-110 (Hall C)
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Large x at JLab: 12 GeV preliminary results
E12-06-110 (Hall C)

Compare (@< @) with latest pQCD prediction

T. Liu, et al. PRL 124 (2020) 8, 082003
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Large x at JLab: 12 GeV preliminary results
E12-06-110 (Hall C)

Compare (@< @) with latest pQCD prediction

T. Liu, et al. PRL 124 (2020) 8, 082003
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