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2. The GDH sum Rule

3. The approved experiment REGGE
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Light Quark Mesons from Lattice
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Hadron Sepctrum Dudek et al. PRD 88 (2013) 094505

Exotic 
quantum 
numbers

lowest-lying hybrid super-multiplet

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11

M
es

on
 M

as
s

negative parity positive parity

best 
evidence

Pattern consistent with  constituent gluon1+−



Mark Dalton   |   SPIN   |   25 September 2023   |   The Polarized Target Program at GlueX

Experiment and Detector
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Linearly polarized photon beam
Proton target 
Hermetic detector — large 
acceptance and high efficiency 
for charged and neutral particles

Nucl. Instrum. & Meth. A987, 164807 (2021)

Hall D at Jefferson Lab

https://doi.org/10.1016/j.nima.2020.164807
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Recent Publications
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J/ψ production γp → J/ψp (J/ψ → e+e−) 

PRL 123 072001 (2019)

25% of data, 167 citations 

PRC 108 025201 (2023)

full GlueX-I data, 8 citations 

• Measurement of Spin-Density Matrix Elements in ρ(770) Production 
with a Linearly Polarized Photon Beam at Eγ=8.2−8.8GeV


• Measurement of Spin Density Matrix Elements in Λ(1520) 
Photoproduction at 8.2 GeV to 8.8 GeV


• Search for photoproduction of axion-like particles at GlueX

• Measurement of beam asymmetry for π-Δ++ photoproduction on the 

proton at Eγ=8.5 GeV

• Measurement of the Beam Asymmetry in γ p -> K+Σ0 at Eγ = 8.5 GeV

Sep 26, 2023, 9:22 AM


Meeting Room 3-4

https://doi.org/10.1103/PhysRevLett.123.072001
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.025201
https://arxiv.org/abs/2305.09047
https://arxiv.org/abs/2305.09047
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.035201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.035201
https://doi.org/10.1103/PhysRevD.105.052007
https://link.aps.org/doi/10.1103/PhysRevC.103.L022201
https://link.aps.org/doi/10.1103/PhysRevC.103.L022201
https://doi.org/10.1103/PhysRevC.101.065206
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GDH Sum Rule

7

Fundamental prediction of Quantum Field Theory. Applicable to any type of 
target.


Links the anomalous magnetic moment κ of a particle to its helicity-dependent 
photoproduction cross-sections 


Conditions for the sum rule to be valid: 

Spin-dependent forward Compton amplitude  must vanish at large  (no-
subtraction hypothesis). 

Imaginary part of ,  must decrease with  faster than 
(for the integral to converge).


Experimentally verified on the proton to ~10% but not yet for the neutron.

f2(ν) ν

f2 (σ3/2 − σ1/2) ν ∼ 1/ ln(ν)

anomalous

magnetic moment

Spin-dependent photoproduction cross-sections
spin

Photon energy Mass

∫
∞

ν0

(σ3/2 − σ1/2)
dν
ν

=
4π2Sακ2

M2
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Photoproduction
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resonance region

γp → X

γd → X ∝ ν0.08

pomeron exchange (1961)

Unpolarized version of GDH integral  does not converge.∫ (σ3/2 + σ1/2)dν
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Helicity dependent photoabsorption
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need models like MAID/SAID and Regge phenomenology.

Existing data from MAMI and ELSA.  Partial contributions from LEGS and CLAS. 
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GDH Integral
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Δσ(ν)
ν

dν =
4π2Sακ2

M2

Contributions below 0.2 GeV:  (proton),  (neutron)≈ − 28 μb ≈ − 41 μb

generalized GDH  
Q2 = 0.035 GeV2

generalized 
GDH 

( )Q2 → 0

χEFT evolution estimates disagree 

Has not converged yetUnmeasured part estimated using 
Regge model. Significant uncertainty.

Sep 25, 2023, 4:30 PM

Junior D3
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Regge Phenominology

11

Regge theory at high : 


 is Regge intercept


Isovector part: 

determined by 


Isoscaler part: 

determined by 

ν Δσ(ν) ∝ (ν + M/2)α0−1

α0

Δσp−n ≡ Δσp − Δσn

a1(1260)
Δσp+n ≡ Δσp + Δσn

f1(1285)

σP − σA = I ⋅ c1s
αa1

−1 + c2s
αf1

−1

isovector isoscaler

Value of  unknown and assumed zero in some analyses since existing 
polarization measurements on deuteron in diffractive regime consistent with 0.

c2

isospin
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Regge Phenominology
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Fits on proton only give a Regge 
contribution of  to −20 μb −35 μb

combined fits give  but 
don’t agree well with the data.

−14 μb

The current uncertainty from this is

Ip = 212 ± 5 ± 12 ± 10 μb

stat syst

large-  projectionν

Ip =
4π2ακ2

M2
= 204.8 μb

Helbing++ Prog. Part. Nucl. Phys. 57, 405 (2006)

https://www.sciencedirect.com/science/article/pii/S014664100500102X
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Violation of the Sum Rule
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Any failure of the sum rule will happen at high energy:


Unknown high energy phenomena

eg quark substructure (quark anomalous magnetic moment)


J=1 pole of the nucleon Compton amplitude


Chiral anomaly (anomalous non-conservation of a chiral current)


other, more exotic possibilities heave been proposed
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REGGE
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Real Gamma GDH Experiment

Measure the high energy behavior of 


Verify convergence of integral

 must decrease faster than 


Test validity of sum rule for 

neutron (first time)

proton improve by 25% relative


Improve sensitivity to physics that would cause a real (or apparent ) 
violation

 

Failure of sum rule would occur at high energy


Stringent test of Regge theory. Resolve discrepancy in Regge parameter 
determination


Proton and neutron will allow isospin decomposition

Δσ(ν)

Δσ(ν) 1/log ν

ν ≠ ∞

JLab Experiment E12–20–011 

∫
∞

ν0

Δσ(ν)
ν

dν =
4π2Sακ2

M2

arXiv.2008.11059

https://doi.org/10.48550/arXiv.2008.11059
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Experiment Details
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1 Circularly polarized tagged photon beam 
Generated by electrons from CEBAF with Pe ≈ 80% on amorphous radiator Increasing Pe at 
large ν compensates the decrease in bremsstrahlung flux


2 Longitudinally polarized target:

Dynamical nuclear polarization on butanol (C4H9OH), p and d polarizations up to 90 %

Desired sustainable flux: ≈ 108/s or more 
Dilution (and other unpolarized backgrounds) cancel: 
(N+ + N0) − (N− + N0) = N+ − N− 


3 Large solid angle detector 
FCal, BCal: 0.4 deg to 145 deg polar coverage, 2π azimuthal coverage

Unpolarized XS ≈ 120 µb gives DAQ rate ≈ 33 kHz on H-butanol, ≈ 40 kHz on D-butanol + 
target window + EM backgrounds 
 
Note: solely to establish the fall-off of ∆σ(ν)/ν the ν-independent normalization 
factors (beam flux, target density, solid angle, target and beam polarization, 
detection efficiencies) are irrelevant 
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simple

with screening
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E0=12 GeV, Al radiatorRequires longitudinally polarized 
electrons.

Electron polarization transferred to 
photon depending on energy.

Photon polarization
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Target
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A new polarized target for Hall D

Dynamic Nuclear Polarization (Continuously polarize target in place) 

on butanol (C4H9OH), p and d polarizations up to 90 % 


Requires high (2.5 T) and very uniform (300 ppm) magnetic field

Requires very low temperatures (300 mK)

Requires paramagnetic impurities at about  level

At 300 mK and 2.5 T, unpaired electrons are polarized >99.9%

10−4

Microwaves induce spin-flip 
transitions transferring 
polarization to the nuclear spins.


Currently region has field ~1.60 
to ~1.65 T.


Superconducting coils installed in 
target will raise field to 2.5 T and 
make it more homogenous.

4500805 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 25, NO. 3, JUNE 2015

TABLE II
EVALUATIONS OF THE CAUSE OF THE QUENCH

conductor [8], indicating heightened temperature sensitivity.
Our path forward is determined by subsequent reviews [9].
The evaluations are summarized in Table II. We concluded
that the clear cause of the quench would never be known. We
also prefer to not quench again. The GlueX Collaboration has
also concluded that there is no compelling physics reason to
run the solenoid at the design current of 1500 A at this time.
Consequently, for the foreseeable future, we will run well away
from quench, at our “Running” transport current of no more
than 1350 A.

IV. 2ND COMMISSIONING CYCLE—JULY/AUGUST 2013

A. Successful Limited Ramp

We installed circuitry to tune the power supply for our ∼26 H
inductor and installed a programmed ramp feature in the
firmware that minimizes spikes on current change. We also
installed a Temperature/Current Margin Monitoring System.
The PLC issues warning when the bath temperature is high
enough to encroach on a 135 A margin from possible quench
and the PLC trips a slow dump when a 110 A margin is
breached.

The Cryo Group filled the solenoid with liquid helium—but
with difficulty. The CTI 2800 Refrigerator started to plug with
carbon dust abraded from the carbon beds at the very heart of its
heat exchangers. The refrigerator capacity decreased drastically
and blow-downs to vent the carbon accumulations were only
partially successful. During blow downs, no liquid helium
supply was available to the Solenoid. The Cryogenic Group
augmented the refrigerator during these cycles in operation
using 1000 L Dewars of LHe obtained from other sources
on site.

The programmed ramp and tuning additions to the power
supply worked without any problems. No voltage spikes were
seen. Vexingly, fast dumps at around 1000 A plagued us. Un-
fortunately our attempts at fixing our SOE System failed again
and we were blind to the cause of the trips. After several shifts
of failed ramps, we found the cause of the trips. The Vapor
Cooled Lead (VCL) helium flow controllers/meters indicated
“no flow” for a fraction of a second and initiated the fast
dump via their hard wire interlock. We jumpered the controllers
out of the interlock system and set the helium flow to that
required for maximum current by adjusting and locking the
controller’s isolating valves. The control system has several
other methods of safeguarding the Solenoid from VCL failures,

Fig. 3. Calculated and measured magnet flux density plot along the magnet
bore at 1350 A.

so we remained protected. The cause of this anomalous flow
reading remains unexplained.

The solenoid easily ramped to 1360 A, as the top current of
a small hysteresis cycle, and was brought back to 1350 A.

B. Field Mapping

We measured the Solenoid at its central bore at 1350 A
over about 3 hours. Fig. 3 shows the comparison of calculation
using POISSON to the measurement data. The discrepancy is
typically less than 1 part in 1000 with the data systematically
lower by a few parts in 10 000. We then ramped down to
1300 A for mapping at characteristic positions throughout the
bore over 18 hours. Point-to-point variations from calculated
field in the central area were found to be about 1 part in 1000,
while in the high-gradient area they are about 1 part in 100.

The mapping system was based on a plastic slug contain-
ing a multi-axis Hall Probe that was pushed in, by hand, to
predetermined axial positions in a precision aluminum tube.
The tube was positioned in the bore to a similar tolerance. A
laser based distance meter of similar resolution and an accurate
electronic level read out the exact position of the slug and
its orientation. The aluminum tube was placed to additional,
representative positions within the bore to sub mm accuracies
by simple fixturing. This limited mapping is able to generate
the field map necessary for Physics.

V. 3RD COMMISSIONING CYCLE—JULY/AUGUST 2014

The Cryo Group completely refurbished the refrigerator,
ridding it of any carbon beds and finding that it has the capacity
to cool down the Solenoid and fill it with liquid. To save time,
they did augment the latest fill with two 1000 L Dewars. The
Helium Bath’s pressure is now 1.23 Atm = 4.45 K, 0.05 K
lower than during the Solenoid’s 1500 A cycle. Subsequently,
the Solenoid ran flawlessly at 1200 A for 4 days in anticipation
of the Fall Physics Checkout Running Period.

Hall D solenoid field map
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Signal and Background
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Signal and Background
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Data Acquisition has limit of ~80 kHz.

Backgrounds eat up a half of this rate.

Bethe Heitler has cross section of 12-15 mb.
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Signal and Background
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Projected Results (Proton)
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Projected Results (Deuteron)
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Projected Results (Neutron)
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Based on the subtraction  

with the probability to be in a D-state

Δσn = Δσd /(1 − 1.5ωd) − Δσp
ωd = 5.6 %
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Interpretation of REGGE data

24
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Spin-dependent Compton Amplitude
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Δσ Directly measure imaginary part of the amplitude

Access real part by dispersion relation ℜ (f2(ε)) =
2ν
π

P∫
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0

ℑ (f2(ε))
ε2 − ν2

dε

Extend existing data by factor of 6 in energy


Study Compton scattering without doing a 
dedicated Compton scattering experiment

Noticeable difference between data and 
NNLO χEFT calculation at ~0.25 GeV.

Gryniuk++ Phys. Rev. D 94 (2016) 
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Spin-dependent Compton Amplitude
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Since unpolarized amplitude  is well measured


Can determine cross section and beam-target asymmetry in forward limit.

f1

Gryniuk++ Phys. Rev. D 94 (2016) 

Expand analysis to neutron and 
deuteron


Describing spin observables from 
JLab low-Q2 has been a challenge 
for χEFT.  Data in a different regime 
is valuable.
Deur++, Rep. Prog. Phys. 82, 076201 (2019) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.034043
https://doi.org/10.1088/1361-6633/ab0b8f
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Transition to diffractive regime

27

➿
➿
➿
➿
➿

e-

�e-

q
q

P

➿
➿
➿
➿

➿
➿
➿
➿
➿

➿
➿
➿

➿➿➿

g g g

ɣ*

ℙ (unpolarized)  
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ℝ (polarized)
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� �

P

decreasing Q2

Explore transition between polarized DIS and diffraction regimes

Diquark picture of low-x ep scattering.  Coherence length ∝ x−1M−1

hard scattering soft,  or  ℙ ℝ

Pomeron : unpolarized diffractive scattering

Reggeon : doubly polarized diffractive scattering (will be measured at EIC) 

ℙ
ℝ

Will provide  baseline for these transition studies.Q2 = 0



Mark Dalton   |   SPIN   |   25 September 2023   |   The Polarized Target Program at GlueX

Exotic Spectroscopy
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Speculative potential new application

The  so we are interested in  in GlueX.  π1 → ηπ γp → ηπ−Δ++

(−
1
2

, +
1
2 ) → (−

3
2

, −
1
2

, +
1
2

, +
3
2 )

We can study the reaction  to study the  Spin Density Matrix 
Elements in a simple final state with more statistics, even study 

directly.


What will be common or transferable from one reaction to others?


How precisely would we need to know these double asymmetries to be useful 
in the understanding the  reaction?

γp → π−Δ++ Δ++

γp → ηπ−Δ++

γp → ηπ−Δ++

There are 8 transitions between  and .  
If we can eliminate some of them that 
would help the amplitude analysis.

N Δ
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Modification of bound nucleons
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Bass, Acta Phys. Pol. B 52, 42 (2021) 

Bass++, arXiv:2212.04795 [nucl-th] 

Quark Meson Coupling (QMC) model 
predicts modification of mass and 
anomalous magnetic moment. 

( κ*N(ρ0)
M*N(ρ0) )

2

/( κN

MN )
2

≈ 1.3

A nucleon in the nuclear medium will be modified 

modification of both sides of the GDH sum rule 
for the nucleon in the nucleus

Static Side

Nuclear density Saito++ Phys. Rev. C 
51, 2757 (1995)

κ*N(ρ0)
κN

≈ 1.05

M*N(ρ0)
MN

≈ 0.9

Nucleon and 
resonance 
masses

https://doi.org/10.1103/PhysRevC.51.2757
https://doi.org/10.1103/PhysRevC.51.2757
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Nuclear spectrum

30

photoproduction of hadrons

properties of nucleon

photo excitation of nucleus

properties of nucleus

No data on  exists for A>3Δσ

example for 7Li

Ip*
GDH ≈ 270 μb

I7Li
GDH ≈ 83 μb

negative

Morejon++ JCAP 11, 007 (2019) 
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Modification of bound nucleons
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In-medium shift of resonance 
mass,  dependence

(slower than )


Δ(1232)


D13(1520), S11(1535)

expected to be small


3rd resonance and Regge
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Short Range Correlated np pairs

32

Thomas IJMP E27 (2018)

Experiment E12-14-001 approved to study polarized EMC effect on 

mean field model predict a significant effect

SRC pairs might produce no effect if they are depolarized


Assume 100% polarized valence nucleon in S-wave with another 
nucleon


pair in nucleus are not required to be spin oriented same direction

could be a  or  combination


SRC interacts through tensor interaction which preserves 

Apply Clebsch-Gordan coefficients for orbital angular momentum 


Valence nucleon polarization changes sign but is only about -10 to -15%.

7Li

Jz = 0 Jz = 1

Jz
L = 2

https://doi.org/10.1142/S0218301318400013
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Deuteron Spin Structure

33

W. Cosyn, C. Weiss / PLB 799 (2019) 135035 
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Required for using the deuteron as a polarized neutron target.

Has to a certain extent been 
verified at Nikhef for  in AV

ed
2 ⃗H( ⃗e, e′￼p)n

Passchier++ PhysRevLett.88.102302

DeGrush++ PhysRevLett.119.182501

and BLAST at Bates for  and 

 in  

AV
ed

AT
d

2 ⃗H( ⃗e, e′￼p)n

https://doi.org/10.1016/j.physletb.2019.135035
https://doi.org/10.1103/PhysRevLett.88.102302
https://doi.org/10.1103/PhysRevLett.119.182501
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Summary

34

A polarized target in Hall D would allow studying the GDH sum rule on the 
proton and the neutron.

• Convergence of the integral directly tested


• Sum rule validity for neutron tested for the first time


• Proton uncertainty decreased by 25%


• Test Regge phenomenology in polarized domain - αf1 and αa1 at 2% level (present 
uncertainties: 50%)


• Help determine the real and imaginary parts of the spin-dependent Compton amplitude 


The experiment is relatively easy extension of the GlueX program which 
requires a new polarized target.


We are exploring ideas to expand the program into both nuclear physics and 
spectroscopy.


We welcome new collaborators. 


