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The EG4 experiment Group

Main goal: measurement of the generalized Gerasimov-Dreall-Hearn (GDH) sum
for the proton, deuteron and neutron at very low Q2.

E03-006 (NH.,):

Spokespeople: M. Ripani, M. Battaglieri, A.D., R. de Vita X. Zheng et al. (CLAS Collaboration),
Nature Physics, vo. 17 736-741 (2021)
Students: H. Kang (Seoul U.), K. Kovacs (UVa)

E05-111 (ND,)

Spokespeople: A.D., G. Dodge, M. Ripani, K. Slifer K.P. Adhikari et al. (CLAS Collaboration),
L PRL 120, 062501 (2018)
Students: K. Adhikar1 (ODU)

EG4 ran at Jefferson Lab (JLab) from Feb. to May 2006.

Focus on inclusive analyses, but exclusive analysis (¢ p — ex*(n)) also available.
X. Zheng et al. (CLAS Collaboration), PRC 94, 045206 (2016)

4effe’m)on Lab A.Deur low-Q 2023, 16 May 2023



The EG4 experiment Group

Main goal: measurement of the generalized Gerasimov-Dreall-Hearn (GDH) sum
for the proton, deuteron (and neutron) at very low Q2.

Neutron information from EG4 will be shown with that of the
Hall A neutron (3He) E97110 experiment, Thursday, 10:30.
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The GDH and Generalized GDH 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) and hypotheses with which they are derived. e.g. GDH, Ellis-Jaffe, Bjorken sum rules.
e Access the global property (e.g. spin polarizability sum rules)

GDH sum rule: derived for real photons (Q2z=0): QED coupling
constant
° GA(v)-Gp(v) 4m2Sqial  target anomalous
_[ v V= T magnetic moment
Vthr T \ A \\

| ' target spin
photoprod. Cross \ target mass
n

section with photon “photon spin parallel to S
spin anti-parallel to S
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The GDH and Generalized GDH 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) and hypotheses with which they are derived. e.g. GDH, Ellis-Jaffe, Bjorken sum rules.
e Access the global property (e.g. spin polarizability sum rules)

GDH sum rule: derived for real photons (QZ=0): QED coupling
constant
° GA(v)-Gp(v) 4m2Sqial  target anomalous
_[ v dv= "p magnetic moment
Vthr T \ A \\

| ' target spin
photoprod. Cross \ target mass
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 Q2 -0

o g,(v,Q?): first spin structure function (mostly a longit.

Fl (Qz) — (_)‘-gl(X,Qz)dX: 2&1\; I](Oan) target pol. observable)

I,(v,Q?): first covariant polarized VVCS amplitude

st 6@%
X 66% < 6@‘?}@%
=>Study QCD at any scale S O Q0
y Q y Q&&& R Q‘Z&O& o
Q Q >
m , o ()2
Chiral Effective field OPE, pQCD

II(O9Q2) : theory (yEFT)

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

: between an 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) and hypotheses with which they are derived. e.g. GDH, Ellis-Jaffe, Bjorken sum rules.
e Access the global property (e.g. spin polarizability sum rules)

GDH sum rule: derived for real photons (Q2=0): QED coupling
constant

o0

_[ dv = sa——
5

Vithr

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

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

Xth

g,(v,Q?): first spin structure function (mostly a longit.

F 1 (Qz) — (_)‘-gl(X,Qz)dX: 2&1\; Il (O,Q2) target pol. observable)

L, (v,Q?): first covariant polarized VVCS amplitude

6@%‘66% 6@%‘66%
\C © . S
=>Study QCD at any scale &00\ S {&00\0 660&

# Chiral Effective fielc
N - £ p
11(09Q ): § theory (y\EFT)  _#
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Spin polarizabilities sum rules

between an 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) and hypotheses with which they are derived. e.g. GDH, Ellis-Jaffe, Bjorken sum rules.
e Access the global property (e.g. spin polarizability sum rules)

Spin polarizability sum rules involve higher moments:

Generalized forward spin polarizability:

1’ M> 2 0 g,(v,Q?): second spin structure function (mostly a perp. target
Q f (g - X gz)dx pol. observable)
T

Longitudinal-Transverse polarizability:

_4e’M° (2
= ';E Ix*(g,+g,)dx

Yo~

LT
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Spin polarizabilities sum rules

e Access the global property (e.g. spin polarizability sum rules)

Spin polarizability sum rules involve higher moments:

Generalized forward spin polarizability:
g,(v,Q?): second spin structure function (mostly a perp. target

—4M [y2(o AMD (2
y()_ TQ° fX (gl_ Q X gz)dx pol. observable)

Longitudinal-Transverse polarizability:

_4M? (2
1= Jx*(g,+g,)dx

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

: between an 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) and hypotheses with which they are derived. e.g. GDH, Ellis-Jaffe, Bjorken sum rules.
e Access the global property (e.g. spin polarizability sum rules)

Spin polarizability sum rules involve higher moments:

Generalized forward spin polarizability:

_ Ae2MP ) M 7 g,(v,Q?) suppressed in o
y, =M [x*(g 2% x°g )dx

Longitudinal-Transverse polarizability:

46M I x*(g +g,)dx

LT

We do not know how to measure directly generalized spin polarizabilities. The
spin polarizability sum rules are used to access them.
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Previous JLab data: high to intermediate Q2

Fl(Qz) Before EG4 run:

L' ,p (no elastic)
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Precise mapping of spin structure function moments in intermediate Q2? region for p, n and d.

PQCD, models and data agree.
Not so clear for the yEFT predictions available at that time.
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Previous JLab data: high to intermediate Q2
vo(Q?) Before EG4 run:
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No agreement with the yEFT predictions available at that time.

Isospin decomposition
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Previous data: high to intermediate Q2

A: ~agree
State of yEFT affairs before EG4 run: X: ~digsagree

- : No prediction available

Ret. ry oy e F§+n M 0 ng O | Oir
J1 1999 X | X A X
Bernard 2002 | X | X A X
Kao 2002 - - - -

X X X
X X X

| 4|
| |

1990s-2000s yEFT predictions 1n tension with spin observable data more often than not.
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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

State of yEFT affairs before EG4 run: ?EZ ZZ?SQ%
- : No prediction available
Ref Oy (0P 0T (90 (98 |26 " [0 " | Opr | Ofr
J1 1999 X | X A X - | - . - - -
Bernard 2002 | X | X A X | X]A]|] X X X
Kao 2002 - - - - X | X| X X X

1990s-2000s ¥EFT predictions 1n tension with spin observable data more often than not.

The discrepancies for o,',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 into
the yEFT applicability domain, 1.¢., reaching low enough (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

State of yEFT affairs before EG4 run: ?EZ ZZ?SQ%
- : No prediction available
Ref Oy (0P 0T (90 (98 |26 " [0 " | Opr | Ofr
J1 1999 X | X A X - | - . - - -
Bernard 2002 | X | X A X | X]A]|] X X X
Kao 2002 - - - - X | X| X X X

1990s-2000s ¥EFT predictions 1n tension with spin observable data more often than not.

The discrepancies for o,',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 into
the yEFT applicability domain, 1.¢., reaching low enough (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: EG4 (this talk), gl exp. (Karl’s talk, next), E97-110 (Talks Thursday).
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Continuous e- beam. %
up to 12 GeV.
Polarization: ~90%

Up to 200 pA.
4 experimental halls.

Newportnews, VA, USA

|
A. Deur low-Q 2023, 16 May 2023
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Continuous e- beam. -
up to 12 GeV.
Polarization: ~90%

Up to 200 pA.
4 experimental halls.
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.geﬂ;?son Lab

Continuous e- beam. -
up to 12 GeV.
Polarization: ~90%

Up to 200 pA.
4 experimental halls.

Newportnews, VA, USA
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EG4 setup
*(Q2>0: electron beam (polarized). Energies: 3.0, 2.3, 2.0, 1.3 & 1.0 GeV

og; " ~longitudinally polarized target
DNP NHj3 and ‘ . Supsrconucing

Cerenkov

Counters \ coils (outline only)
NDstarget: A/ zamm
S T

ungsten cone

_— Long NH; (1.0 cm)

support

__________ Polarized Target

('
I = soam 4 B Short NH; (0.5 cm)
________ e TG

-------- Q . “y -
Nﬂ \ Beam Position . ! RGSfer

Long Carbon (2‘30 mm)

Region 1, 2, and 3

""""""""" Drift Chambers «

/ Beam Direction

TOF Scintillators

\ 0 1 2 3 4
| | | | |
E|ectromagnetic New Cerenkov e e

Counter in Sector 6
Calorimeters METERS

Short Carbon (1.15 mm)

Empty
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EG4 setup
*(Q2>0: electron beam (polarized). Energies: 3.0, 2.3, 2.0, 1.3 & 1.0 GeV

og;": ~longitudinally polarized target

Large-angle
‘ Calorimeters
DNP NH3 and Cerenkov\ Superconducting
Counters coils (outline only)
NDstarget: A7/ o / __ Long NH; (1.0 cm)
Tungsten cone
& support

__________ Polarized Target

I o Soam [¢.o Short NH; (0.5 cm)
________ a 2;2@3% - o Pipe o : .

-------- i Q . .
Nﬂ \ Beam Position ! ! RGSfer

Long Carbon (2‘30 mm)

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

/ Beam Direction

TOF Scintillators

\ 0 1 2 3 4
| | I I |
E|ectromagnetic NeW Cerenkov e e e

Counter in Sector 6 METERS

" Short Carbon (1.15 mm)

Empty

Calorimeters

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

MmIirrors

~—

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

eCross-sections = controlled (1.e. high) efficiency

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

support R ——
plane

CLAS center



EG4 kinematic coverage

Proton Deuteron
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gf (x, 0?) from EG4 polarized cross-section difference

L —
Qo

- <Q2>=0.12 Ge V2

W (Ge\/‘)2

X. Zheng et al. (CLAS Collaboration),
Nature Physics, vo. 17 736-741 (2021)

+  EG4 data
— “Model” (Fit to EG1b (+ other published data)textrap. Used as intermediary step to extract gip.)

Example of “Model” variation: assess uncertainties on extraction method, radiative corrections, ....
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gf (x, 0?) from EG4 polarized cross-section difference

L —
Qo

- <Q2>=0.12 Ge V2

W (Ge\/‘)2

X. Zheng et al. (CLAS Collaboration),
Nature Physics, vo. 17 736-741 (2021)

+  EG4 data
— “Model” (Fit to EG1b (+ other published data)textrap. Used as intermediary step to extract gip.)

Example of “Model” variation: assess uncertainties on extraction method, radiative corrections, ....
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gf (x, 0?) from EG4 polarized cross-section difference
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EG4 data
— “Model” (Fit to EG1b (+ other published data)textrap. Used as intermediary step to extract gip.)
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X. Zheng et al. (CLAS Collaboration),
Nature Physics, vo. 17 736-741 (2021)

Example of “Model” variation: assess uncertainties on extraction method, radiative corrections, ....
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0.04

0.02

0.0 &

—0.02

—0.04

1~
M = [ gl (x, 0)dx

This work (full integral)
This work (measured range only)

Fersch et al. (full integral)

O

<

Bernard et al.

Alarcon et al.
—-— GDH slope
—— Burkert et al.
- - - Soffer et al.

-------- Parameterization
0.012 GeV?2 0.05 GeV2

JRELETPRNNR SR ~—@:--T -

0.04 0.08 0.12 0.16 0.2 1.0

® Small unmeasured low-x contribution

X. Zheng et al. (CLAS Collaboration),
Nature Physics, vo. 17 736-741 (2021)

e Lowest Q? decreased by factor of ~4 =>Clean test of yEFT

® Much improved precision
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1~
7 = [ ¢/ (x, QV)dx
0.1 °
I't P L e This work (full integral) X Zheng et al. (CLAS Colaboraton.
. o This work (measured range only) A TR A Eeh
0.08 ~ v Fersch et al. (full integral)
: Bernard et al.
0.06 -
- Alarcon et al.
004l T GDH slope
| —— Burkert et al.
0.0 . - -~ Soffer et al.
[ — Parameterization
0.0 | o Y
gy, g tpe 0
-0.02 L \ i
~0.04 -

0 0.04 0.08 0.12 0.16 0.2 1.0

eSlight tension between EG4 and EG1 above Q2Z~0.1 GeV?2.

*EG4 and yEFT agree up to Q2~0.04 GeV?2 (Bernard et al) Or Q2>0.2 GeV?2 (Alarcon et al.)
ePhenomenological models (Pasechnik et al, Burkert-loffe) agree well.
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1~

Faf=J gi(x, 0%)dx
0

. 0.1 Deuteron photo-desintegration

- Bernard et al. contribution excluded
(so here, “d”~p+n)

-~ Lenskyet al.
005 - -- Pasechnik et al.
- —— GDH slope

Burkert—Ioffe

005 =~
Data only
 ® Data + Model
-0.1 —
- O JLab (EGI1b)
- o0 SLACEI43 N
i 5&%&%625(1)1 l(’2018)
_015 > | | I ~ L1 1 1 11 :
10 10 Q2 (G evz)

£G4 and EG1 agree well.

*EG4 and yEFT agree up to Q2~0.04 GeV?2 (Bernard et al) Or Q2>0.2 GeV?2 (Alarcon et al.)
ePhenomenological models (Pasechnik et al, Burkert-loffe) agree well.
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2 e9) _
Another generalization of GDH sum: 7,,(0? = d J RKoazor,,

81l ,, VoV
No suppressing Q7 factor. Contains g, (not measured by EG4) K: virtual photon flux
= E LO¢ e This work (full integral) E ¢ 22
~ ! g proton |~ | “deuteron
075 L © This work (measured range only) 0
7 m Ahrens et al (real photon) i l'l"
0.5 — GDHsumrule Original GDH sum e
Bernard et al. -1
0.25 a Alarconetal. e
0 [ e Parameterization A 83 g : 5 —ak
: .8 o § Data—only
—0.25 F = m  Data + Model
- ost P U Model
R i = Lensky et al.
~ 50.73- |
O % e - Bernard et al.
=3 -1F nin
20 o - i - =  MAID-2007
j= E’ - X. Zheng et al. (CLAS Collaboration), B K.P. Adhikari et al.,
C =1.25 - Nature Physics, vo. 17 736-741 (2021) N PRL 120, 062501 (2018)
: TR -5 -
_1.5 B IIIIIIIII;IL|L\UIIIIII::IIIIIII|IIIIIIHII|IIHIII|””,”I”|””,HHL I I | | | L1 [ IW ] ] ] 11 1 1 |
0 0.04 0.08 0.12 0.16 0.2 1.0 1072 107! 1
Q%(GeV?) Q*(GeVy’

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).
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2 o0

Another generalization of GDH sum: 7,,(0? =

812 ,, VoV
No suppressing Q7 factor. Contains g, (not measured by EG4) K: virtual photon flux
= E LO¢ e This work (full integral) E ¢ 22
~ ! g proton |~ | “deuteron
075 L © This work (measured range only) 0
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Bernard et al. —1 | rule: -1.59
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j= 'é - X. Zheng et al. (CLAS Collaboration), B K.P. Adhikari et al.,
C =1.25 - Nature Physics, vo. 17 736-741 (2021) N PRL 120, 062501 (2018)
: T -5
1.5 Lottt et . . - e p— | |
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Extrapolated data agree with the GDH SR, with precision similar to photoproduction method:
12 MAM0) = — 0.832 £ 0.023(star)$ = 0.063(syst)
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EG4 results on y(l)’ (0?)

- Parameterization - ::: Bernard et al.

Alarcon et al.

o
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EG4 proton, 1 £
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oyEFT result of Alarcon et al agrees with data. Q7(GeV?)

eBernard et al. yPT calculation agrees for lowest O points. Large slope at low O
supported by the MAMI+EG4 data
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EG4 results on yg(Qz)
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oyEFT result of Lensky et al disagrees with data. Q%( )
eBernard et al. yPT calculation agrees for lowest Q7 points.
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Summary and conclusion

eEG4: Low QQ? measurement using polarized e- on polarized p and d, over a large
x-range 1n order to study spin sum rules.

eNew detector necessary to reach these kinematics.

eMain goal: unambiguous test of yEFT.

eDoubly polarized inclusive cross-section analysis.

eExclusive data on " and n- spin-dep. electroprod. on p published 1n 2016 (asym. analysis).

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

.InCIHSIVG analySIS on d pub“lshed 1n 201 8 K.P. Adhikari ef al. (CLAS Collaboration). PRL 120, 062501 (2018)

.IHCIUS1V6 analy81s on p pub“IShed 111 2 02 1 * X. Zheng et al. (CLAS Collaboration), Nature Physics, vo. 17 736 (2021)

e Archival long paper 1s being written. (Will contain the neutron information).

eData on FI(QZ), ITT(QZ), and }/O(Qz) and yEFT compare with mixed success,
depending on the yEFT method and observable.

*Original GDH sum rule seems fine for p and d (and n).

.geffggon Lab A.Deur low-Q 2023, 16 May 2023



