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Obervables

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.

eMeasure the global property. Ex: spin polarizability sum rules.
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eTest theory (e.g. QCD, xEFT) 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 and 1ts generalization to Q2>0,
*Bjorken sum rule,

eSchwinger sum rule,

e Burkhardt—Cottingham (BC) sum rule,

*Spin polarizability sum rules.

.geffe’-?son Lab A. Deur Spin 2023, Sept. 27 2023



Obervables

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.
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 and 1ts generalization to Q2>0,
*Bjorken sum rule,

eSchwinger sum rule,

e Burkhardt—Cottingham (BC) sum rule,

*Spin polarizability sum rules.

Electromagnetic polarizabilities were discussed 1n the previous talk.
We will discuss here polarizabilities generalized to electroproduction (Q2-dependent).

Generalized forward spin polarizability y,(Q?);
Generalized Longitudinal-transverse spin polarizability o, {Q?2).
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The GDH and Generalized GDH Sum Rules

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

e(p’)
e_(p) Xth g,(x,Q?): first spin structure function
%/ N2 2 2 2\ | (mostly a longit. target pol. observable)
Y (@) I 1 (Q ) I 81 (X )dX 2M2 1(0 0 ) I,(v,Q?): first covariant polarized VVCS

amplitude

x= Q2?/2pq (Bjorken scaling variable)
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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 &
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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

e(p’)
e-(p) Xth g,(x,Q?): first spin structure function
%/ N2 2 2 2\ | (mostly a longit. target pol. observable)
y(Q7) I 1 (Q ) j 81 (X )dX 2M2 1(0 0 ) I,(v,Q?): first covariant polarized VVCS
amplitude
° S
'iee »&66
=>Study QCD at any scale O o089 KON 80
ﬂe{& ;‘x&'ﬂe QY &‘.66
Q Q >
— . o ()
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) % “/ Contse?gett 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

e(p’)
e-(p) Xth g,(x,Q?): first spin structure function
%/ N2 2 2 2\ | (mostly a longit. target pol. observable)
Y (@) FI(Q ) j gl(X )dX 2M2 I(O 0 ) I,(v,Q?): first covariant polarized VVCS
amplitude
=Study QCD at any scale

[,(0,Q) :
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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? [ I ~ 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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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)

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

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)

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

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?2) on neutron.
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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 < XEFT
d.o.f: hadrons

*

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

=> Crucial piece of our global understanding of Nature.

vEFT has been very successful in describing many hadronic and nuclear phenomena.
However, the late 1990s JLab experiments suggested that 1t did not describe well
nucleon spin observables, or/and that the Q2 range of validity of YEFT was smaller
than expected for spin observables.
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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 ~?1igsrae§ree
Generalized Bjorken SR Generalized . . . e, -:No pI’CdiCtiOIl available
GDH GDH generalized spin polarizabilities
p n p—n p+n p n —-n ptn n
Ret. I 15 % | % | % 0 Orr | Ofr

J1 1999 X | X | A X - | - - - . .
Bernard 2002 | X | X | A X | X]TA|] 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

P

A M4 M

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

I I I
Nucleon resonance A1232 contribution suppressed

(More robust YEFT calculations)
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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

The discrepancies for orr was particularly puzzling:

* Expected to be a robust yEFT prediction;
» Expected to be a robust measurement.

YEFT calculation problem? Or were the experiments not reaching well enough 1nto
the yEFT applicability domain, 1.e., 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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Testing yEFT

Results from JLab 1990°s experiments (Hall A E94010, CLAS EGla,b): A: ~agree

X: ~disagree
- : No prediction available
Ref. DYDY O™ T9™ 190 [y [ " [0 | Opr | O | dy | ds
J1 1999 X | X | A X - | - - - - - - | -
Bernard 2002 | X | X A X | X|A] X X X | - | X
Kao 2002 - - - - X | X| X X X | - | X

The discrepancies for orr was particularly puzzling:

* Expected to be a robust yEFT prediction;
» Expected to be a robust measurement.

YEFT calculation problem? Or were the experiments not reaching well enough 1nto
the yEFT applicability domain, 1.e., 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.

This talk: results from the new experimental program at JLab.
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Estimating sum rules at low QZ2:
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),
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)

E06-017 (ND,, longitudinally polarized):

Spokespeople: A.D., G. Dodge, M. Ripani, K. Slifer
Students: K. Adhikari (ODU)
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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
Covered in J.P. Chen overview talk, Friday 14h-14h30.

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 4t Hall B:

Spokespeople: A.D., G. Dodge, M. Ripani, K. Slifer
Students: K. Adhikari (ODU)
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JLab Hall A experiment E97-110 V- Sulkosky etal

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

Low Q2 + covering large v range so that sum rule’s integrals can be formed=>forward angles

New magnet to allow to reach
down to ~5° (12.5° otherwise).

JLab Hall A:

New magnet

e
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JLab Hall B EG4 experiment Group e e ol o

X. Zheng et al., PRC 94, 045206 (2016)
g "' ~longitudinally polarized target

DNP NH3 and Calorimeters
NDs target:

Cerenkov Superconducting
Counters coils (outline only)

Tungsten cone
support

_— Long NH; (1.0 cm)

Polarized Target

Short NH; (0.5 cm)

N \ Beam Position i ! Raner

Long Carbon (230 mm)

Region 1, 2, and 3

""""""""" Drift Chambers «

/ Beam Direction

TOF Scintillators

\ L
1 ) | . |
Electromagnetic New Cerenkov R S

Counter in Sector 6
Calorimeters METERS

< Short Carbon (145 mm)
Empty
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JLab Hall B EG4 experiment Group e e ol o

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

g " ~longitudinally polarized taLE%eiEgle
DNP NH3 and ‘ Calorimeters S -

ND;s target: 855?:2:’:\ R

Tungsten cone
support

_— Long NH; (1.0 cm)

Polarized Target

Short NH; (0.5 cm)

N: é‘\Beam Position ) '!-‘ ‘ - Raner
S B Long Carbon (2.30 mm)

-------

Region 1,2, and 3
............. Drift Chambers @

/ Beam Direction

TOF Scintillators

\ L
1 ) | . |
Electromagnetic New Cerenkov R S

Counter in Sector 6 METERS

< Short Carbon (145 mm)
Empty

Calorimeters
mirrors

e from inclusive eN — e’X pol. cross-section differences.
Advantage: dilution from unpol. target material cancels out

eSmall angles: outbending torus field, target at -1m,

eCross-sections = controlled (i.e. high) efficiency

at small angles. New Cerenkov detector (INFN).
Installed 1n sector 6. Covered down to 6.

CLAS center
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Lots of data on spin structure functions and their moments

Spin structure functions:

gl vs W by Q2 Bin

from E97-11

DY

0, E03-006 and E05-11
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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 an

Moments for spin sum rules
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Lots of data on spin structure functions and their moments

4 4 4 L ¥
I E
rom - - an - wo Q
° , A A A L
Moments for spin sum rules P :
0.12 9 mzw Bernard et al. 4 . 5
2% Alarcén et al. ) 0.04 4 =22 Alarcén et al. ¢ JLab EG4 %225 Alarcén et al. Burkert-loffe K 14 ~ * +
0,06 | ¥ Bemardetal. { %% Bernard et al. 4 JLabEGlb w22 Bernard et al. O Elzgosé‘g’e ) g o P % i T
: --- Burkert et al. Burkert-Toff Lab EG1 Burkert-Toff N - r
-— G‘]l)rI-Ieslogea 0.02 4 Ml:]];:r . 1 gL:b E97-3110 Ml.:l]; (R:s :nly) MAID (Res only) / &<or * * t !
--- Pasechnik et al. 4 ’ --- Pasechnik et al. ¥ JLab E94-010 0059 Parameterization —=- Pasechnik et al. / 4 [ * E97-110 Resonance
0.06 / - . 0.08 4 @ JLabEG4 )/ -0.02— o E97-110 Resonance+extr.
MAID (Resonance only) —— Parameterization 4 SLACEI143 ——- Pasechnik et al. + JLabEGIb a7 L ° E97-110 Resonance+extr.+elastic
~, Parometerization /' 0.0 $  This work (full integral) Lab EG1b DVCS A - +  E94-010 Resonance+extr.+elastic
& This work (full integral) 7% & This work ( d) 1o / -
0.04 %S ‘wor! integra! I, ] 1S WOrkK (measure I 0.06 4 ‘ JLab EGA4/E97-110 /, _0 04% o SLAC E1 55X
: @ This work (measured) A o 4 JLab EG1b A 4 JLabEGla K il FS RSS Resonance )
4 Fersch et al. (full integral) iy 002" <3 1~ ¥ JLab E94-010/EG1a L " E01-012 Resonance+extr.+elastic
- A ‘* . - L B oo ) e El L — MAID 2007
'~ 0.02 4 ,4 {*@i 1~ i Steo t 1 - 7 0.04 - ~0.06 Ll | L
/ ! N2 0 s S =~ Il ’ -2 !
K 10 10 , 5
v -0.04 \ . Q“ (GeV/c)
il [] $ N\ { s - 1 i 02 0.
0.00 - : S \\ ,/’/ 0.02 . E97 syst. . E97 syst
N ,,/ \ S S E94 syst. S E94 syst
. e ~ -0.06 - A\ . t E97data 0.0175 t E97data
- -8 \ i E94 data | E94data
—0.02 A -0.05 A \_ 0.0 p— 0.0150
\ !
\
-0.08 4 \ 1 i
—0.04 \ 0.0 0.05 0.1 0.2 1.0 e
—————ll | —— | Q* (GeV?)
0.00 0.05 0.10 0.15 0.2 1. 0.00 0.05 0.10 0.15 0.2 1.0 0.00 0.05 0.10 0.15 0.2 1.
Q? (GeV?) Q? (GeV?) Q? (GeV?)
E97 data
1500
1.0 \ E97 syst.
B2 Alarcén et al. 2% Alarcén et al. ¢ JLabEG4 $  E94 dat N
0.75 0.0 e L
222 Bernard et al. %222 Bernard et al. 4 JLab E97-110 B E94 syst. g&\\%&s\m Iy
MAID (Resonance only) 0.5 MAID v JLab E94-010 1000 &  RealPh Val s§;\\\§§s\§§§\t\\§§§5\§;\ §5§;\5§
0.5 | —— Parameterization —— Parameterization I~ e oton Value \§\§\°\§\§§§§\5\:\\\§§W‘ §\§§§
@ This work (full integral) 3 DO D\
0.25 1 &  This work (measured) 0.0 -1.0 A § 500
. B Ahrens et al. (real photon) [
00 -0.5 204 0 A
Il[: -0.25 :[: QE:
=~ "~ 104 =~ —5004
05 ] 3.0 4 0.0 02 04 06 08 Lo
0% (GeV?)
-1.5 .
o 2
-0.75 . ¢ N
#2223 Alarcon et al. \07_ O E97-110 Resonance £
-2.0 -4.0 7 2% Bernard et al. e :—
-1.0 MAID (Resonance) MAID 2007 o
—— Parameterization H - 0
-1.25 2.5 - @ This work (full) —
’ -5.0 4 &  This work (measured) 505
T T T T er N |
0.00 0.05 0.10 0.15 0.2 1.0 0.00 005 0.10 015 0.2 1.0 0.00 0.05 0.10 0.15 0.2 1.0 T T + * MAID 2007 B Alarcd t al. «EFT
—_ arcon et al.
Q2 (GeV?) Q? (GeVv?) Q2 (GeV?) t -H %
A Hall A E94-010 Bernard et al. yEFT
-H
o 1 ) e  E97-110 Total ® Hall AE97-110 ====== Kao et al. O( p“] HByPT
° 0 N GDH T, + FF Param. -2] - Bernard et al. RByPT
2 [
b S
0.0 1 0 o1, 02 03 0 0.05 0.1 0.15 0.2 0.25 0.3
1o Q? (GeV/c)? Q2 (G v/ )2
-1. 4.0 ev/c
é\ ? -0.5 :r" 2 ¢ JLab EG4
B 4 JLab EG4/E97-110 0
é (é 10 E 30T 4 JLabEGID NN ®
T 20 T T 3 ¥ JLab EG1b/E94-010 i
o o 15 S
=) =) °, -
(=] QO -2.0 o
> 22 Alarcén et al. > 223 Alarcén et al. %- S5 =
-3.0 7 #2293 Bernard et al. 2.5 %% Bernard et al. -5 A §§§§§{§ E Alarcon et al.
MAID (Res) MAID (Resonance) 5% #2% Bernard et al.
| | B FErane
-4.0 + JLab EG1b 35 & This work (measured) ¢ This work (full integral) ook 30 S E97 syst.
A JLab E97-110 o A Fersch et al. (full) -7 4 &  This work (measured) $  E94data
NE%-MO 4.0 #__Anrens et al. (photon) —— 4 JlebEGIb ] - N E94 syst.
-4. 0.0 = S .
T T T T I T T T T T T T ] - P
0.00 005 010 015 0.2 1.0 0.00 005 010 0.5 02 1.c 000 005 010 015 02 1.C Lo Vas *'g ® —40 #  Real Photon Value
2 2 2 2 2 2 - Fomm e - -=
Q* (GeV?) Q* (GeVv?) Q* (GeV?) ] i $ 0.0 01 02 03 04 0.5
3 2.0 1 . i 02 (GeV?)
;o 3.0 E~~ } ;
C.P lk Monday: 3H Its fi E97-110 P s LA
. Peng ta onday: °He results from - w3 Ty
5.0 4 \\
] N —=-~- Alarcoén et al.
6.0 \\\ —--- Bernard et al.
] SN MAID .
Jeffz'Zon Lab v . A. Deur Spin 2023, Sept. 27 2023
o

H
2

L
-
<



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

_ ] £ Alarcon et al. Nature Physics, 17 736 (2021)
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First moments: generalized GDH sum F’l’ (0?) measurement from EG4

X. Zheng et al.,
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First moments: generalized GDH sum F’i (0?) measurement from EG4
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¢ Small unmeasured low-x contribution
o [owest Q? decreased by factor of ~4
® Much improved precision
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First moments: generalized GDH sum F’; (0?) measurement from EG4
X. Zheng et al.,

_ ] £ Alarcon et al. Nature Physics, 17 736 (2021)
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eSlight tension between EG4 and EG1b above Q?~0.1 GeV?2. EG4: improved elastic radiative tail subtraction.

£G4 and yEFT agree up to Q% ~0.04 GeV? (Bernard et al) or Q2>0.2 GeV2 (Alarcon et al.)
eSome phenomenological models (Burkert-loffe, MAID) agree with data, other (Pasechnik et al) not as much.
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First moments: generalized GDH sum F’IZ(QZ) from E97-110 & EG4
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® Much improved precision, noticeably E97-110
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First moments: generalized GDH sum F’IZ(QZ) from E97-110 & EG4

X. Zheng et al.,
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e£97-110 and EG4 agree well. They also agree with older data at larger Q% (EG1b, E94-010).

*E97-110 and EG4 agree with yEFT up to Q2~0.06 GeV? (Bernard et al) or Q2>0.4 GeV?Z (Alarcén et al.)
eSome phenomenological models (Burkert-loffe) agree with data, others (MAID, Pasechnik et al) not as much.
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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?)




Higher moments: Generalized forward spin polarizability y; from E97-110 and EG4

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

16aM?> [ AM> “° V.Sulkoskyetal.
7 : 8 Nature Physics, 17 687 (2021)
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0.00 0.05 0.10 0.15 0.2 ) 1.0
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*E97-110 and EG4 agree with older data at larger Q2 (EG1b, E94-010).

*Marginal agreement between EG4 and E97-110 1n the lower Q? range. (Better agreement if the EG4 systematic errors are
added linearly rather than in quadratures)

oyEFT result of Alarcén et al disagrees with data. Bernard et al. agrees for lowest O points.
eMaid disagrees with the data.
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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

_ G X R HAACAIIHAAAAKRAAK N R i s s

e B I B L B L AL
0 0.05 0.1 0.15 0.2 0.25 0.3
Q? (GeV/c)?

» 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, see back-up slides.
o :>“5]’fT(Q2) puzzle” still remains.
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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.

esGerassimov-Drell-Hearn sum rule:
.I;T(Q2 — 0) agrees with GDH expectation,
’IiT(QZ — 0) and I;‘IT(Q2 — 0) ~agree with GDH expectations,
o/ He(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.
oIZT(Q2 — () agrees with Schwinger sum rule. / 3He(Qz — 0) unclear, but no sign that anything is wrong.

eMeasure the global property.

eGeneralized forward spin polarizability: 70(Q2)> O*-map for proton, neutron, p = n and deuteron.

Generalized Longitudinal-transverse spin polarizability &, ;. Q*-map for neutron (and proton from E08-007,
see J.P. Chen talk Friday)
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Testing yEFT

Ref. I

A4 M A MM

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

I I I
Nucleon resonance A1232 contribution suppressed
(More robust yEFT calculations)
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Testing yEFT

A: ~agree
State of yEFT affairs before E97-110/EG4 runs: X: ~digsagree

- : No prediction available

Ref. I

Ji 1999 X
Bernard 2002 | X
Kao 2002 -
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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)

Nucleon resonance Ai232 contribution suppressed
(More robust YEFT calculations)
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Testing yEFT
A: agree over range 0<Q?<0.1 GeV?

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

Ref. | Iy
J1 1999 X
Bernard 2002 | X

Kao 2002
Bernard 2012
Alarcon 2020

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

Despite yEFT refinements (new expansion scheme, including the A,3, d.o.f,...)
and despite data now being well into the expected validity domain of yEFT, 1t
remains challenged by results from dedicated polarized experiments at low Q2.
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Conclusion

E97-110 and EG4 provide high precision nucleon spin structure data at very low QZ2, in the domain
where yEFT 1s expected to be valid.

General good agreement with other experiments. Good agreement between E97-110 and EG4 for
most observables. Marginal agreement for y, for the lowest Q2 points

The data agree within uncertainties with the spin sum rules studied: GDH, BC, Schwinger.

Mixed of agreement/disagreement with yEFT, depending on observable, Q2 range and calculations.
“8i(Q?) puzzle”, remains and vo " disagree with xEFT expectation.

= yEFT, although successful in many instances, 1s challenged by polarized low Q? data.

Surely, low Q2 sum rule measurements are challenging (low-x extrapolation, high-x contamination). But the
experiments are independent: very different detectors and methods. Yet, consistent experiment message.
Also, some YEFT predictions disagree with each other

Nuclear physics

This 1s a problem 1n our endeavor for a complete do.f hadrons

description of Nature at all levels: yEFT 1s the

leading approach to manage the first level of XEFT— hadronic physics

complexity arising above the Standard Model, in d.o.f: hadrons

the strong force sector. Just as if atomic physics : $ —
1d not ide the th tical fi dat; £ Fundamental forces: electromagnetic, weak, strong, gravitation

cou .IIO provide the theoretical oundations O Fundamental particles: quarks, electrons, neutrinos...

chemistry.

It would be helpful to see what other non-perturbative approaches to QCD would predict: Dyson-
Schwinger Egs. , AdS/QCD...
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Back-up slhides
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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 CD radiative .

b charge. (Value pQCLD radi power corrections.
structure of I’7(Q% inthe  corrections (MS Scheme.)

. )| . (+rad. corr.)
function Q° — oo limit)
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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, a, 2 a, : Qa, 4
Fli n = gf dx = —g|l —— =358 — ) -2021{ — ) = 1757(— | —...
6 7T T VA VA

I

Valid in pQCD domain
only (not at low Q?)
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Spin structure function gf (W, O?) data from EG4
g} vs W by Q2 Bin

i Q2:= 0.012 - Q% =0.014 - Q% =0.017 ‘ - Q% =0.020 ‘ - Q% =0.024

(3

:;* ! - s +. y + § +°+' =N ! - o ." '.+‘ 4‘;‘ | * |
£ + . + e o YK |

i s t'Y | +;+'+‘ "-7+" AR TR +.+#'++

+ * 4

’

LY 1

-0.5 " 1l -/

0.5

0.0 [t Ry +;.+..%“+
‘ | ,+ ’

0.4

02F | :

0.0 p——+ T

1.1 1.3 1.5 1.7 1.9

EG4 data X. Zheng et al.,
° EG1Db data Nature Physics, 17 736 (2021)

“Model” (Fit to EG1b + other published data).
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Spin structure function g; dW, 0?) data from EG4

-0.5 m . ] 7 1. ] . ] _—-;—4 . ] ] L—-\-‘ ] . ] . ] _ . ] . ] . ] . ] _ . ] . ] . ] . ]
11 13 15 17 1911 13 15 1.7 1911 13 1.5 1911 13 15 1.7 1911 13 15 1.7 1911 13 15 1.7 1.9
W (GeV)
K. Adhikari et al.
PRL 120, 062501 (2018)
EG4 data
e EGIbdata

“Model” (Fit to EG1b + other published data).
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Spin structure function g'(W, 0?) data from EG4

gt vs W by Q? Bin

0.5 :_Q2 = 0.017: f_QZi = 0.020 f_QZi =0.024 f_QZi = (0.029 f_QZ; = 0.035 _Qzﬁ 0.042 l
AR S| S - T |

Q2 =10.707
+

byt o el |
0.0 |t Ranods 1} ! | Tt - | [T A

1.1 1.3 15 1.7 19 1.1 1.3 1.5 17 19 1.1 1.3 1.5 17 19 11 13 15 17 19 11 13 15 17 19 11 13 15 1.7 19

W (GeV)
EG4 data
® EG1b data

“Model” (Fit to EG1b + other published data).
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Spin structure function g7~ (W, 0?) data from EG4

EG4 data
® EG1b data

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

.geffz?son Lab A. Deur Spin 2023, Sept. 27 2023



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

- g, corelated systematlc
1000 W [MeV] 2000 1000 1500 W [MeV] 2000 2500
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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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£ = (g1 — 728 V. Sulkosky et al.
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Polarized cross-section

az?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...)

P Anr’a (g, + 2,) V. Sulkosky et al.
Lr= MK V1T &2 Nature Physics, 17 687 (2021)
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—40F  Wwm . 1 1 1 ‘ 1 m—— it —— i i
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giHe(y, 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?)
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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?)
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First moments: generalized GDH sum F’i (0?) measurement from EG4

Alarcoén et al.

Bernard et al.

Burkert et al.

GDH slope

Pasechnik et al.

MAID (Resonance only)
Parameterization

This work (full integral)
This work (measured)
EG1b (full integral)

0.08 -
0.06 -
0.04 -

0.02

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 —
000 005 010 015 02 1.0
Q% (GeV?)
=(lean test of YEFT
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First moments: generalized GDH sum F’; (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 0.05 0.10 0.15 0.2 1.0
Q% (GeV?)

eSlight tension between EG4 and EG1b above Q?~0.1 GeV?2. EG4: improved elastic radiative tail subtraction.

£G4 and yEFT agree up to Q% ~0.04 GeV? (Bernard et al) or Q2>0.2 GeV2 (Alarcon et al.)
eSome phenomenological models (Burkert-loffe, MAID) agree with data, other (Pasechnik et al) not as much.
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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.,
Nature Physics, 17 736 (2021)

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

X. Zheng et al.,

- potY o fareonetad e Nature Physics. 17 736 (2021)
Il = J g (x, Q*)dx I Burkert-Ioffe ¢ JLabEGla V. Sulkosky et al.
0 0.02 - MAID 4 JLab E97-110 PLB 805 135428 (2020)
{1 —-- Pasechnik et al. JLab E94-010
F’f — 2F61Z/ (1 - 1.50)d) - F]i 1 —— Parameterization ¢ SLACE143

-0.08 A

000 005 o010 015 02 10
Q* (GeV?)
e£97-110 and EG4 agree well. They also agree with older data at larger Q% (EG1b, E94-010).

*E97-110 and EG4 agree with yEFT up to Q2~0.06 GeV? (Bernard et al) or Q2>0.4 GeV?Z (Alarcén et al.)
eSome phenomenological models (Burkert-loffe) agree with data, others (MAID, Pasechnik et al) not as much.
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First moments: Bjorken sum F’i (02 from E97-110 and EG4

1 &2 Alarcoén et al. T L

- 0.12 9 g2 Bernard et al. /l{ T
[ gf — g{’dx Burkert-Ioffe T 17 1 /1 #/

0 1 --- GDH slope LY

0.1 9 --- HLFQCD T AR

Proton-neutron = Bjorken sum | MAID (Res only) B

]l === Pasechnik et al. 4 A /

A-resonance contribution 0.08 JLab EG4

¢
: ¢ JLab EGIb
suppressed for the Bj orkin UM { ¥ I BG1h DVCS
A
+

p—n _
I

I 0.06 - JLab EG4/E97-110

IQF' JLab EGla
- : JLab E94-010/EGla |
0.04 - ¢ SLACE143

0.02 H
0.0 —_ . 2 ‘
— T T T T T T T ] | ' I e
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=.
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First moments: generalized

GDH sum Ff(QZ) measurement from EG4

-
4 = [ gd(x, 0?dx

1 223 Alarcon et al.
K24 Bernard et al.

Burkert-Ioffe
MAID (Res only)

-  Parameterization
]l === Pasechnik et al.

® This work (full integral)
® This work (measured)
¢ JlLab EG1b

Deuteron photo-desintegration
contribution excluded
(so here, “d”~p+n)

0 0.05
Q) —
L 0.0
-0.05 A

0.00 0.05 0.10 0.15 0.2

eEG4 and EGI agree well.

Q* (GeV?)

1.0
K. Adhikari et al.

PRL 120, 062501 (2018)

*EG4 and yEFT agree up to Q2~0.04 GeV2 (Bernard et al) or Q%2>0.3 GeV 2 (Alarcén et al.)
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First moments: generalized GDH sum I" ?He(Qz) from E97-110

Include 3He quasi-elastic
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N
<
Q
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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
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K
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Ve BRI \ & $+| 5
g 0_ {vmxxx éi%éi%%ééT
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
B EO01-012 Resonance+extr.+elastic
B MAID 2007
_0.01602 ] ] ] II1|0|1 ] ] ] ] III|
- B 1
Q? (GeV/c)?

E97-110 verifies the B-C sum rule at low Q2. Older experiments at higher Q2 also verify it.
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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
i 1 —— Parameterization

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

ITT(QZ) -

812a v U
Vihr

M? (® Ko,—o
J A0

K: virtual photon flux

No suppressing Q2 factor.
Contains g, (not measured by EG4) 1 sum

e ~
R

Extrapolating EG4 yields:

K. Adhikari et al.

PRL 120, 062501 (2018)
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Deuteron photo-desintegration
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Another generalization of GDH sum: / 3T§Ie(Q2), E97-110 Data

2 00 _ 2
1(0Y = 2 J Koa—or,, Iopn(Q%) =2 Irr(Q?)
Y 2204 ,, VoV
K: virtual photon flux { E97 data
0t 1500, b - E97 syst.
No suppressing actor.
Contains g, (measured by ‘ % E£94 data
E97-110) 1000, S E94 syst.
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)
S
S 500
=
O N NN SRR NNNNNNNNN NN R — .8 S ~ S -
A
O
&
-500% . . N
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First moments: Schwinger sum rule on neutron from E97-110

anomalous magnetic
momentxcharge

V. Sulkosky et al.
Nature Physics, 17 687 (2021)

O E97-110 Resonance

— MAID 2007

) Q MZ 1
L0 =——| (& +8)dx o> xe,
Q= Jo
~ 21
o l
5
1_
Schwinger I |
0
Relation 4° i T
(neutron) +
—H $ +
—2

~
- ~
i ~
~
~
~
=1 ~

0 0.1

° E97-110 Total

------- GDH T, + FF Param.

0.2
Q? (GeV/c)?

0.3

E97-110 (+GDH+BC sum rule+known neutron elastic form-factor) agrees with Schwinger sum rule.
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First moments: Schwinger sum rule on 3He from E97-110

Q 2
ILT(QZ) — Q_JO (81 + gz)dx m’ Ke,

anomalous magnetic

momentxcharge
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—30- - E97 syst.
b E94 data
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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

_ G X R HAACAIIHAAAAKRAAK N R i s s

e B I B L B L AL
0 0.05 0.1 0.15 0.2 0.25 0.3
Q? (GeV/c)?

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

5 16aM?
Yo(Q°) =

£26

1-
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0.5

0.0

-3.0

-3.5

-4.0

*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.

Nature Physics, 17 736 (2021)
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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)

16aM?> [ AM> “° V.Sulkoskyetal.
7 : 8 Nature Physics, 17 687 (2021)
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*E97-110 and EG4 agree with older data at larger Q2 (EG1b, E94-010).

*Marginal agreement between EG4 and E97-110 1n the lower Q? range. (Better agreement if the EG4 systematic errors are
added linearly rather than in quadratures)

oyEFT result of Alarcén et al disagrees with data. Bernard et al. agrees for lowest O points.
eMaid disagrees with the data.
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Higher moments: Generalized forward spin polarizability yg(Qz) from EG4

K. Adhikari et al.
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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.
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Isospin decomposition of y,(Q?)

_p—n
Yo

-p+n
Yo

[ & JLab EG4
ol A JLab EG4/E97-110
Y[ % JLabEGIDb

JLab EG1b/E94-010
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~
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-1.0 |
2.0
i l .
0.0 ] /,/l ¢ ' ~I_‘
i ’,’ t ®
R e - } i
2.0 1 i i g*
sl SITTSEL
4.0 ] \\i
T ~
; .
-5.0 - R
] o === Alarcén et al.
6.0 \\\\ --- Bernard et al.
= MAID

1072 | | S IlO‘1
Q? (GeV?)

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. yEFT calculation agrees for

p+n

70

and for y" for lowest 02 points.

eBoth new and old data (from 5 different experiments) indicate that ;/(’)’ ~" is positive.
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Isospin decomposition of y,(Q?)
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eTension between EG4 (p from H and D, n from D) and EG4/E97110 (p from H and n from 3He).

Tension may come from adding systematic uncertainties from E03006, E05111 or E97110 quadratically. If we combine linearly
the total systematic uncertainties of each experiments, there 1s not tension.

A
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JLab’s first generation of YEFT tests/polarizability measurements at low Q?

A: ~agree

X: ~disagree

- : No prediction available

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?

A: ~agree
X: ~disagree
- : No prediction available

p+n
Yo 5II),T

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.
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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).
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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.
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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.
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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)
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