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Two-photon exchange in elastic scattering

Need more data to constrain model-dependent calculations.

Ideally, many orthogonal constraints

Wide range of kinematics, particulary Q2 ∼ 3–5 GeV2

Polarization observables add information beyond σe+p/σe−p
Different combinations of TPE form factors

We can already start without a positron beam.
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Probes of two-photon exchange

1 Lepton charge asymmetry

Compare positrons and electrons

e.g., OLYMPUS, PR12+23-008, PR12+23-012, etc.

2 Deviations in expected ϵ-dependence

Non-linearity of reduced cross sections

ϵ-dependence of polarization transfer

e.g., GEp-2γ, E12-24-010

3 Normal single-spin asymmetries

Beam-normal: every PVES measurement ever

Target-normal
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Normal single-spin asymmetries (SSAs)

Beam-normal single-spin asymmetry, Bn
Transversely polarized beam, unpolarized target

Azimuthal asymmetry of scattered leptons

Electrons: widely measured (by-product of PV)

Positrons: not so feasible

Target-normal single-spin asymmetry, An
Unpolarized polarized beam, transversely polarized target

Azimuthal asymmetry of scattered leptons

Electrons: very limited data

Positrons: distinguish TPE from T-violation
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TPE can be characterized by

higher-order form factors.

Formalism of Carlson, Vanderhaeghen, Annu. Rev. Nucl. Part. Sci., 2007

Form factors under one-photon exchange: GE (Q
2), GM(Q

2)

Higher-order TPE Form Factors: δG̃E (Q
2, ν), δG̃M(Q

2, ν), F̃3(Q
2, ν),

Suppressed by me : F̃4(Q
2, ν), F̃5(Q

2, ν)
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SSAs access the imaginary part of TPE.
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Target-normal SSAs are not suppressed by me
but do require complex polarized target.

e
e'

An ∼ 10−3–10−2
Transverse holding field

complicates beam steering

Measurements in inelastic

scattering from 1970s looked

for evidence of T-violation

Very limited elastic scattering

data.
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Previous measurements of (quasi-)elastic An

1 Frascati (1965)

2 Orsay (1965)

3 Stanford: T. Powell et al., PRL 24, 753 (1970)

4 JLab (on 3He): Y.W. Zhang et al., PRL 115, 172502 (2015),

E. Long et al., PLB 797, 134875 (2019)
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2021 Positron Working Group white paper:

concept for An SSA with Super Big-Bite

G. N. Grauvogel, T. Kutz, A. Schmidt, EPJA 57:213 (2021)

Gabe Grauvogel Tyler Kutz
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A transversely polarized proton target will require

a strong holding field.

SBS (e ±)

Big Bite (e
±)

e± Beam

NH3 Target

to dump

Holding field

Chicane
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A transversely polarized proton target will require

a strong holding field.

NH3 Target

to dump

Holding field

bremsstrahlung

beam sheet of flame

to
 B

B

to SBS
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A 20-day measurement at JLab would cover new

ground.
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Powell et al.
Zhang et al. (3He)
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A 20-day measurement at JLab would cover new

ground.
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21



A 20-day measurement at JLab would cover new

ground.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Q2 [GeV2/c2]

0.03

0.02

0.01

0.00

0.01

0.02

0.03

An

e  beam

e +  beam
Hall A (2015, n)

4.4 GeV beam

22



A 20-day measurement at JLab would cover new

ground.
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Draw-backs to the SBS concept

We are not realistically going to move BB+SBS 7 times.

Each kinematic point required a move.

We are demanding symmetric performance from BB and SBS

Two very different magnets.

Sheet of flame will dramatically impact one side

We did not study background subtraction

Need to isolate elastic peak on QE background

Background contributes stat. uncertainty
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CLAS12 Run Group H plans to use a transverse

target.

e– Beam

NH3 Target

to dump

CLAS12 Fwd. D
et.

Holding field

Chicane
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CLAS12 Run Group H plans to use a transverse

target.

3 A-rated C2 proposals (110 PAC days)

C12-11-111, M. Contalbrigo, “Transverse spin effects in SIDIS. . .”

C12-12-009, H. Avakian, “. . .dihadron production in SIDIS. . .”

C12-12-010, L. Elouadrhiri, “Deeply Virtual Compton Scattering. . .”

Conceptual design of  the target

28

The target system must be substantially 
“compressed” in order to fit inside the HTCC, 
but it’s probably possible.

Conceptual design of  the target

28

The target system must be substantially 
“compressed” in order to fit inside the HTCC, 
but it’s probably possible.
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The outer vacuum vessel is designed for a maximum external differential pressure of 1.0 bar during 
normal operation and for leak testing. The top plate of the outer vacuum vessel is equipped with a 
1psi safety valve, which maintains safety if a leak was to develop on the system. Calculations of 
pressure safety have been performed to BS5500 and the results presented below. 
 

Component Minimum thickness [mm] Actual thickness [mm] 
Base plate unstayed (with a 

1.1 bar design pressure) 
19.3 30 

 
Component Maximum safe external 

pressure [bar] 
Design pressure [bar] 

Outer tube, external pressure, 
buckling (abraded thickness 

9.5mm) 

4.96 1.1 (internal vacuum) 

 

3D model 
 
The CAD model of the system is now complete and ready for review and detailing. The following 
screenshots show the magnet in the two orientations. 
 

 
Figure 7: Cut-away of the 2 orientations for the magnet. 

There is now a breakout box for the wiring connections. We have defined 4 Fischer connectors for 
the temperature sensors, switch heaters and the voltage taps. Additional space is available on the 
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The current plan is to replace the existing 
magnet with an identical coils, but a support 
ring that gives ±25° in the vertical plane and 
±65° in the horizontal.FIELD

About that superconducting magnet

Beam
130°

27

The magnet can also be oriented to produce a vertical 
field (preferred for Hall B), but the opening angle of ±25°
is insufficient for the DVCS experiment.
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We are preparing an e− LOI for upcoming PAC.

August Friebolin
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We need to aim for %-level uncertainty.

6.6 GeV beam energy
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Challenges

Beam energy

RG-H is being designed around 11 GeV running
Lower energies require larger chicanes

or reduced fields and lower target polarization

Harder to identify elastic events at high E

Sheet of flame

One of the CLAS12 sectors will have to be disabled

Breaks left/right symmetry of the system

Impacts our ability to infer asymmetry
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One of the most impactful CLAS sectors

will need to be deactivated.

0◦ 50◦ 100◦ 150◦ 200◦ 250◦ 300◦

C
ou

nt
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Our preliminary simulations

Assume Rosenbluth cross section

Modify momentum vectors due to target holding field

Check target window aperture, CLAS12 fiducials

Fit azimuthal distribution

Determine δA from covariance matrix

33



Projected Uncertainties with CLAS12
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Projected Uncertainties with CLAS12
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To Recap:

Goal: add independent

constraints on TPE

Very little data on target

normal SSA

Challenging but conceivable at

RG-H

e
e'
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To Recap:

Goal: add independent

constraints on TPE

Very little data on target

normal SSA

Challenging but conceivable at
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Conclusions

Given a time demands, helpful to have other motivation for
lower-energy running.

SSAs in other reactions, e.g., electroproduction

Combine with 11 GeV data, study ϵ-dependence

Still some work to fully realize this concept

Uncertainty from isolating elastics from background

Dilution factor?

Possible to look for elastic scattering at 11 GeV?
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Back Up Slides
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Polarization observables add info beyond what

unpolarized scattering can access.

σe+p
σe−p

= 1− 4GMRe
(
δG̃M +

ϵν

M2
F̃3

)
− 4ϵ
τ
GERe

(
δG̃E +

ν

M2
F̃3

)
+O(α4)

Pt
Pl

=

√
2ϵ

τ(1+ ϵ)

GE
GM
× [1+ . . .

+Re

(
δG̃M
GM

)
+
1

GE
Re
(
δG̃E +

ν

m2
F̃3

)
− 2

GM
Re

(
δG̃M +

ϵν

(1+ ϵ)m2
F̃3

)
+O(α4) + . . .]
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Polarization observables add info beyond what

unpolarized scattering can access.

Target-normal:

An =

√
2ϵ(1+ ϵ)√

τ
(
G2M + ϵ

τG
2
E

)×[
−GM Im

(
δG̃E +

ν

M2
F̃3

)
+ GE Im

(
δG̃M +

2ϵν

M2(1+ ϵ)
F̃3

)]
+O(α4)

Beam Normal:

Bn =
4mM

√
2ϵ(1− ϵ)(1+ τ)

Q2
(
G2M + ϵ

τG
2
E

) ×[
−τGM Im

(
F̃3 +

ν

M2(1+ τ)
F̃5

)
− GE Im

(
F̃4 +

ν

M2(1+ τ)
F̃5

)]
+O(α4)

43



Transverse asymmetries do not violate parity.

e
e'

e

e'

44



Beam-normal SSA is measured as a systematic

in parity-violation experiments.
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High-epsilon data
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Low-epsilon data
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Both PREX and CREX show that Pb is

anomalous

compared to lighter nuclei.
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Jefferson Lab E12-24-007

Nuclear Dependence of Beam Normal Single Spin Asymmetry in Elastic

Scattering from Nuclei

Spokespersons: C. Gal, C. Ghosh, S. Park

Approved for 9 days, ‘A’ rating

Single arm measurement using Hall C SHMS using PV set-up

Measurement of Bn over a wide range of nuclei:
12C, 40Ca, 90Zr, 124Sn, 140Ce, 142Nd, 144Sm, 182W, 197Au, 208Pb,
232Th
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A scan accross nuclei can test for Z 2-dependence.

• TPE calculations suggest 6-7 ppm 
asymmetries for all targets at the 
proposed kinematics
• Empirical determination of 

asymmetry suppression assuming Z2 
corrections (add ref):!! ≈ !'(+)(1 − 2 ⋅ 4&5)
• Lack of data for Z > 40 makes it 

almost impossible to test models for 
the missing contributions
• The precision proposed in this 

experiment will allow studying the 
nuclear dependence of the 
asymmetry

7/10/2024 PR12-24-007 19

Projected results

(https://arxiv.org/pdf/2111.04250)

E12-24-007 Collaboration, shown at PAC52, 2024
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GEp-2γ showed surprising ϵ-dependence of Pl .29

tically scattered protons, including the momentum de-
pendence of the analyzing power, “bin centering” e↵ects,
and the quality of the reconstruction of the proton kine-
matics and the calculation of the spin transport matrix
elements.

The acceptance-matching and � cuts applied in the
original analysis [48] reduced the total number of events
by a factor of approximately 2.5(3.4) at ✏ = 0.638(0.790)
relative to the full-acceptance dataset. Subsequent anal-
ysis has shown that the momentum dependence of the an-
alyzing power is adequately accounted for by the global
p�1

p scaling of Eq. (34), and that the HMS optics and
spin transport are well-calibrated within the wider phase
space regions populated by the two higher-✏ settings (see
Fig. 13 and additional discussion in Ref. [52]). As a
result, the statistical uncertainties in R and P`/PBorn

`
are significantly reduced relative to Ref. [48], without in-
creasing the systematic uncertainty. Other changes in the
final analysis common to both experiments are mainly re-
lated to event reconstruction and elastic event selection.
Details of the improvements in event reconstruction and
elastic event selection, and the final evaluation of system-
atic uncertainties can be found in Ref. [52].

Fig. 19 shows the final results for the ✏-dependence of
R and P`/PBorn

` . The data collected at Ee = 3.548 GeV
(h✏i = 0.779) and Ee = 3.680 GeV (h✏i = 0.796) were also
analyzed separately and found to be consistent. The sta-
tistical compatibility of the separately analyzed results,
the similarity of the average kinematics of the two set-
tings, and the near-total overlap of their Q2 and ✏ ranges
justifies combining these two measurements into the sin-
gle result reported in Tab. XI and shown in Fig. 19. For
both observables, the final results are consistent with the
originally published results, but with significantly smaller
statistical uncertainties at the two highest ✏ values. No-
tably, the enhancement of P`/PBorn

` at h✏i = 0.790 rel-
ative to h✏i = 0.153 persists in the full-acceptance anal-
ysis and is consistent with the ⇠ 2% enhancement seen
in the original publication. The deviation from unity of
the final result is 6.2 times the statistical uncertainty, 2.7
times the point-to-point systematic uncertainty, and 2.2
times the “total” uncertainty defined as the quadrature
sum of the statistical and total systematic uncertainties.
The ⇠ 0.6% enhancement at ✏ = 0.638 is roughly a 2�
e↵ect statistically, but also consistent with no enhance-
ment within the point-to-point systematic uncertainty.
The total and point-to-point systematic uncertainties in
P`/PBorn

` are dominated by the point-to-point uncer-
tainty �Pe/Pe = ±0.5% in the beam polarization. It
is worth noting that the global ±1% uncertainty of the
Møller measurement of the beam polarization is irrele-
vant to the determination of the relative ✏ dependence of
P`/PBorn

` , because a global overestimation (underesti-
mation) of the beam polarization is exactly compensated
by an equal and opposite underestimation (overestima-
tion) of the analyzing power at h✏i = 0.153.
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FIG. 19. (color online) Final, acceptance-averaged results
of the GEp-2� experiment, without bin-centering corrections,

as a function of ✏, for the ratio R ⌘ �µp
Pt
P`

q
⌧(1+✏)

2✏
(top

panel), and the ratio P`/P Born
` (bottom panel), compared

to the originally published results [48] (Meziane11), and the
GEp-I result [29] (Punjabi05) at Q2 = 2.47 GeV2. Error
bars on the data points are statistical only. For R, the (one-
sided) total and point-to-point (relative to ✏ = 0.79) system-
atic uncertainty bands are shown, while only the point-to-
point (relative to h✏i = 0.153) systematic errors are shown for
P`/P Born

` (also one-sided). The originally published points
from Ref. [48] have been o↵set by -0.03 in ✏ for clarity. Note
that P`/P Born

` ⌘ 1 at h✏i = 0.153.

B. “Bin centering” e↵ects in R at Q2 = 2.5 GeV2

In contrast with the original publication [48], the
acceptance-averaged results of the full-acceptance anal-
ysis of the GEp-2� data are quoted at significantly dif-
ferent average Q2 values (see Tab. XI), such that the
expected variation of R with Q2 can noticeably a↵ect
its apparent ✏-dependence, even in the absence of sig-
nificant two-photon-exchange e↵ects in this observable.
The expected variation of R with Q2 within the accep-
tance of each point is much larger than its expected ✏ de-
pendence, which is zero in the Born approximation and
small in most model calculations of the hard TPEX cor-

30

TABLE XII. Summary of bin-centering corrections to R at
Q2 = 2.5 GeV2.

⌦
Q2

↵
and h✏i are the acceptance-averaged

kinematics. ✏c is the central ✏ value computed from the cen-
tral Q2 value and the average beam energy. Rbcc is the bin-
centering-corrected value of R with statistical uncertainty.
Rbcc � Ravg is the bin-centering correction relative to the re-
sults for the average kinematics reported in Tab. XI.
⌦
Q2

↵
(GeV2) h✏i ✏c Rbcc ± �statRbcc Rbcc � Ravg

2.491 0.153 0.149 0.6940 ± 0.0091 -0.0013
2.477 0.638 0.632 0.6776 ± 0.0070 -0.0033
2.449 0.790 0.783 0.6837 ± 0.0059 -0.0078

TABLE XIII. Linear and constant fit results for the ✏ de-
pendence of R, with and without bin-centering corrections.
Quoted uncertainties in fit results are statistical only.

No b.c.c. b.c.c.
Slope dR/d✏ �0.0076 ± 0.0169 �0.0173 ± 0.0169
Linear fit �2/ndf 1.78/1 1.02/1
Linear fit “p”-value 0.18 0.31
Linear fit R(✏ = 0) 0.693 ± 0.011 0.694 ± 0.011
Constant fit R 0.6887 ± 0.0040 0.6837 ± 0.0040
Constant fit �2/ndf 1.98/2 2.07/2
Constant fit “p”-value 0.37 0.36

rections widely thought to be responsible for the cross
section-polarization transfer discrepancy. For example,
R(Q2) from the global fit described in appendix A varies
by approximately seven times the statistical uncertainty
of the acceptance-averaged result for R within the Q2

acceptance of the measurement at ✏ = 0.79 (see Fig. 13).
In order to correct the results for R to a common cen-

tral Q2 of 2.5 GeV2, a bin-centering correction to R is
computed for each kinematic under the assumption that
R depends only on Q2, or, equivalently, under the weaker
assumption that the global Q2 dependence of R factor-
izes from any potential ✏ dependence of R, at least within
the acceptance of each kinematic. The corrected value of
R is obtained by multiplying the acceptance-averaged re-
sult, which corresponds to the average Q2 and ✏, by the
ratio R(2.5 GeV2)/R(

⌦
Q2

↵
), where R(Q2) is evaluated

using the results of the global proton form factor fit11

described in appendix A. The corrected results are then
plotted at the value of ✏ corresponding to the central Q2,
as opposed to the acceptance-averaged value of ✏. The
bin-centering correction to R is always negative, because
the slope of R(Q2) is negative and the average Q2 is less
then the “central” Q2 for all three settings (due to the
Q2 dependence of the acceptance-convoluted cross sec-
tion). Tab. XII shows the results for R corrected to the
“central” kinematics at Q2 = 2.5 GeV2. The magni-

11 The corrections shown in Tab. XII are computed using the results
of “Global Fit II” of appendix A. The corrections obtained using
“Global Fit I” are indistinguishable.
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FIG. 20. (color online) Bin-centering-corrected results for
the ✏ dependence of the ratio R at the common central Q2

of 2.5 GeV2 (red filled squares), with statistical uncertainties
only. The red solid line is the linear fit to the corrected data
reported in Tab. XIII. The red shaded region indicates the
point-wise, 1� uncertainty band of the linear fit (68% confi-
dence level). The blue dashed horizontal line is the weighted
average of the three measurements assuming no ✏ dependence
of R. The blue hatched region indicates the 68% confidence
interval (1�) for the weighted average. The results of the con-
stant fit are also quoted in Tab. XIII. The GEp-I result [29]
(empty triangle) corrected to 2.5 GeV2 is shown for compar-
ison.

tude of the correction is small but noticeable compared
to the uncertainties for the two higher ✏ points, while
being essentially negligible for ✏ = 0.153. The di↵er-
ences between the average and central ✏ values are small.
Tab. XIII shows the results of linear and constant fits to
the ✏ dependence of R for both the average and central
kinematics. While the corrected and uncorrected data
both favor a slightly negative slope for R as a function
of ✏, the slope is also compatible with zero in both cases.
Indeed, the constant fits actually give higher “p-values”
than the linear fits, although the comparison of these val-
ues is not particularly meaningful given the small num-
ber of degrees of freedom and the dramatically di↵erent
shape of the theoretical �2 distributions for ⌫ = 1 and
⌫ = 2.

Fig. 20 shows the final, bin-centering-corrected values
of R as a function of ✏ at 2.5 GeV2. The linear fit quoted
in Tab. XIII is also shown in Fig. 20 with its 68% con-
fidence band. The full-acceptance data, which are sig-
nificantly more precise at the two highest ✏ values than
the originally published data [48], slightly favor a small,
negative slope dR/d✏ = �0.017 ± 0.017 (see Tab. XIII),

A. J. R. Puckett et al., Phys. Rev. C 96, 055203 (2017)
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We proposed a 2-day add-on to GEP-V (e−)
to improve uncertainty at Q2 = 3.7 GeV2

E12-24-010, approved with ‘A–’ rating

Goal to improve uncertainty to ≤ 1%
Running in spring 2025
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