
TUNL

1

Compton Scattering at HIGS – Mohammad W. Ahmed

Compton Scattering
Polarized                    &                 Unpolarized
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Scientific Merit: Polarizabilities in Nucleons
Ø Nucleon POLARIZABILITIES characterize the response of the nucleon to 

low-frequency light: Structure Functions

Ø e.g., the 𝛽! (magnetic polarizability) of a nucleon is an interplay between 

diamagnetic charged pion currents and paramagnetic Δ resonance

Ø Polarizabilities have been parameterized in various frameworks1:
Ø Low-Energy Expansion (LEX)2 𝜔 < 70 MeV

Ø Dispersion Relations (DR)3

Ø Chiral Effective Field Theories (cEFT)4 (𝜔 < Λ"~650 MeV)

Ø Lattice QCD (L-QCD)5

2 B. E. MacGibbon, et al., Phys. Rev. C 52 (1995) 2097–2109
3 B. Pasquini, D. Drechsel, M. Vanderhaeghen, Phys. Rev. C 76 (2007) 015203.
4 H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A 52, 139 (2016), arXiv:1511.01952 [nucl-th].
5  NPLQCD, GW group, Adelaide group, …

1 F.  Hagelstein, R. Miskimen, V. Pascalutsa arXiv:1512.03765v3 [nucl-th] (2016)

6 R. P. Hildebrandt, Griesshammer, Hemmert, Pasquini, Eur, Phys. J, A 20, 293-315 (2004)



TUNL

3

Polarizabilities in the cEFT framework

1. H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A54, 37 (2018), arXiv:1711.11546
2. H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A 52, 139 (2016), arXiv:1511.01952 [nucl-th].
3. H.W. Griesshammer, J.A. McGovern, D.R. Phillips, G. Feldman, Using Effective Field Theory to analyse low-energy Compton scattering data from protons and light nuclei, Progress in Particle and 

Nuclear Physics, doi:10.1016/j.ppnp.2012.04.003

v Polarizabilities have been characterized in the framework of Elastic Compton scattering in cEFT

as six low-energy parameters1:

v Consider the case for Coherent scattering from a single nucleon (e.g., proton), in the region 

𝜔 ≲ 𝑚! :

v LO: the Born terms (point-like nucleon with 𝜅), plus the 𝜋" t-channel coupling, no NLO

v N2LO: pion cloud (this is where polarizabilities enter)

v N3LO: Δ and its pion cloud

v N4LO: Corrections to pion-cloud effects

v For the case of neutron, since there are no free neutron targets, light-nuclei are considered

v (e.g. Deuteron and 3He) two-body currents

v Nucleon polarizabilities as linear combinations (3He: 2ap+an, 2H: ap+an)
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The Current Status of nucleon polarizabilities

1 H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A54, 37 (2018), arXiv:1711.11546.
H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A 52, 139 (2016), arXiv:1511.01952 [nucl-th].

Deuteron World Data

Plots courtesy of Harald Grießhammer
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The current status of polarizabilities

𝛼!" Electric Dipole (p) 10.65 ± 3.2% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.3 (𝑡ℎ𝑒𝑜𝑟𝑦)

(n) 11.55 ± 10.8% 𝑠𝑡𝑎𝑡 ± 0.2% 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.8 (𝑡ℎ𝑒𝑜𝑟𝑦)

𝛽#" Magnetic Dipole (p) 3.15 ∓ 11.1% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.3 (𝑡ℎ𝑒𝑜𝑟𝑦)

(n) 3.65 ∓ 34.2% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.8 (𝑡ℎ𝑒𝑜𝑟𝑦)

Spin Polarizabilities

They have been calculated for proton and neutron in various 
theoretical frameworks, data only exists for proton spin 

polarizabilities [2]. See Ref [3] for a detailed overview of spin 
polarizabilities 

𝛾!$ 𝛾#$#$ − 𝛾#$%&
𝛾#$ 𝛾%$%$ − 𝛾%$#&
𝛾% −𝛾#$#$ − 𝛾%$%$ − 𝛾#$%& − 𝛾%$#&
𝛾& −𝛾#$#$ + 𝛾%$%$ − 𝛾#$%& + 𝛾%$#&

1 H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A54, 37 (2018), arXiv:1711.11546.
H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A 52, 139 (2016), arXiv:1511.01952 [nucl-th].

2 P. P. Martel, et al., Phys. Rev. Lett. 114 (2015) 112501.
3 F.  Hagelstein, R. Miskimen, V. Pascalutsa arXiv:1512.03765v3 [nucl-th] (2016)

Ø cEFT extraction of polarizabilities based upon fit to the world data1. Spin polarizabilities are not 
discussed in detail in this proposal. However, it must be noted that the EM polarizabilities are 
inputs to the extraction of spin polarizabilities
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Compton Scattering at HIGS

Start of the Compton Program at HIGS (the last three years)
Experiment Status - Outcome

Proton Compton Scattering with Linear and Circularly 
Polarized Beams (81 MeV)

Manuscript submitted to PRL, new Chiral EFT extraction of proton EM 
polarizabilities

Deuteron Compton scattering (65 and 85 MeV) – high 
statistics / low-energy resolution

Manuscript in preparation, adds 16 more data points to the deuteron 
Compton scattering database – calculations are underway to extract EM 

polarizability sensitivity to the total cross section

4He Compton scattering at 81 MeV Phys. Rev. C Published March 2020 – new Chiral EFT calculation to 
extract nucleon polarizabilities from 4He Compton scattering expected 

soon (HG- GWU) 

2H Compton scattering at 65 and 85 MeV with high 
energy-resolution

DIANA and BUNI detectors commissioned. First data collected at 61 
MeV

3He Compton Scattering at 110 MeV Using Cryogenic 
Target 

3He target modified for 2K operations. Awaiting delivery of 3He from UVa
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Compton Scattering – 4He

4He CS
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Compton scattering at HIGS, 2H, Quality of the data

40 60 80 100 120 140 160
 (deg.)labq

0

5

10

15

20

25

30
 (n

b/
sr

)
W

/dsd
S, 2016gHI

Myers 2015, elastic, E = 70 MeV
Lucas 1994, elastic, E = 69 MeV
Lundin 2003, elastic, E = 69 MeV
Griesshammer

) = 2b - a(d
) = -2b - a(d

Deuteron Compton Scattering
Elastic+Inelastic



TUNL

9

Compton Scattering at HIGS : Elastic Compton Scattering: Deuteron 

Fig. 11 Same as figure 10, except using a beam energy distribution as calculated for an 8 mm
collimator.

In order to estimate the accuracy with which the inelastic fraction can be determined from
measured spectra, we have done an analysis of a set of “experimental” spectra, such as those
appearing in figure 11. First, a set of composite spectra of finite statistical accuracy was
generated. Each spectrum contained an inelastic component which ranged in relative strength
from 10 to 40%, in increments of 1%. The detector line shape used to then fit each of these
spectra was assumed to be known. In the actual experiment the line shape will be determined
by placing each detector into the photon beam and then correcting the measured response for
the addition of a Compton kinematic shift. In the simulation, the line shape was determined
with a high-statistics prediction of the elastic response. Then, each “experimental” spectrum
was compared with the line shape spectrum after a varying inelastic component was added to
the later. A �

2 test was used to identify the best-fit inelastic fraction that was required in
the line shape spectrum. This fitting procedure was repeated for each of the “experimental”
spectra. Over the range of inelastic fractions from 10 - 40%, we found an RMS di↵erence of
5% between the fraction as generated and the best-fit fraction. Since the elastic cross section
is or order 20 nb/sr, our result implies that the inelastic cross section can be determined to an
accuracy of about 1 nb/sr using this method. Note, however, that while the elastic response
can be determined with an in-beam measurement, the shape of the inelastic spectrum required
by the fitting procedure must be provided by a model calculation.

We therefore estimate a statistical error on the inelastic cross section measured at each angle
at 65 MeV beam energy to be slightly less than 1 nb/sr. At 85 MeV, due to the somewhat worse
counting statistics, each inelastic error will be somewhat larger than 1 nb/sr. The dominant
systematic uncertainty in these values will likely be due to an incomplete knowledge of the shape
of the distribution of inelastic photon energies. Lacking a modern calculation of this observable,
it is not yet possible to realistically assess its contribution to the error in the inelastic cross

13

Proof of Principle – 12C Compton scattering with high energy-resolution beam

Fitted 
Spectra to 
elastic + 
inelastic 
channel in 
CS

Test of 
beam 
resolution 
and 
simulation of 
detector 
response
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Compton Scattering – 2H, High Resolution 

Inelastic contribution to the total cross section is approximately 23.9%
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Compton scattering at HIGS, 2H, Quality of the data
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Polarized Compton Scattering – 1H
4

TABLE I. Di↵erential cross section results at 81.3MeV and
83.4MeV together with the statistical, point-to-point system-
atic, and normalization systematic uncertainties.

✓Lab � d�/d⌦ Stat Point-to-point Normalization

(nb/sr) (nb/sr) Syst (nb/sr) Syst (nb/sr)

Circularly polarized gamma-ray beam at 81.3MeV

55� 0� 11.45 ±0.90 ±0.99 ±0.26
55� 270� 11.61 ±0.86 ±1.60 ±0.26

90� 0� 8.87 ±0.73 ±0.84 ±0.20
90� 180� 10.14 ±0.76 ±1.03 ±0.23
90� 270� 9.55 ±0.63 ±0.53 ±0.21

125� 0� 11.46 ±0.68 ±0.62 ±0.26
125� 180� 12.83 ±0.73 ±1.11 ±0.29
125� 270� 15.08 ±0.69 ±1.31 ±0.34

Linearly polarized gamma-ray beam at 83.4MeV

55� 0� 5.19 ±1.01 ±0.58 ±0.12
55� 270� 17.03 ±1.17 ±1.95 ±0.38

90� 0� 3.10 ±0.94 ±0.37 ±0.07
90� 180� 3.99 ±0.83 ±0.28 ±0.09
90� 270� 18.24 ±0.93 ±0.73 ±0.41

125� 0� 7.06 ±0.77 ±0.55 ±0.16
125� 180� 7.99 ±0.66 ±0.35 ±0.18
125� 270� 19.18 ±0.92 ±0.74 ±0.43

fit without floating normalizations gives negligibly di↵er-
ent results.

With the BSR constraint Eq. (1), 16 data points were
fitted with three parameters (one is � and the other two
are the normalization factors), which gives

↵p
E1 = 13.8± 1.2stat. ± 0.1BSR ± 0.3theo,

�p
M1 = 0.2⌥ 1.2stat. ± 0.1BSR ⌥ 0.3theo,

(5)

with �2 = 14.7 for 13 degrees of freedom. An estimate
of the theoretical uncertainties follows the method of the
convergence study in Refs. [9, 10], and gives the same
results. A fit without the BSR constraint was also per-
formed on the 16 data points by varying both polariz-
abilities, which leads to

↵p
E1 = 15.4± 1.8stat,

�p
M1 = 2.1± 2.0stat,

(6)

with �2 = 13.2 for 12 degrees of freedom. Figure 4 shows
the results of the extraction of ↵p

E1 and �p
M1 with and

without the BSR constraint. From the 1� contour of the
sum-rule-free fit, our results

↵p
E1 + �p

M1 = 17.6± 2.7stat (7)

obtained without the BSR constraint are statistically
consistent with Eq. (1) and therefore validates its use.
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FIG. 2. (Color online) Di↵erential cross section results ex-
tracted from the present experiment (closed triangles, crosses,
and circles) compared to the results from SAL (open trian-
gles) [24] and MAMI (open squares) [11]. The HIGS re-
sults in the upper (lower) panel were obtained using the
circularly (linearly) polarized gamma-ray beam at 81.3MeV
(83.4MeV). The error bars shown are the statistical and
point-to-point systematic uncertainties added in quadrature.
The curves are the theoretical cross sections implied by our
measured polarizabilities using the �EFT framework.

FIG. 3. (Color online) ⌃3 obtained in the present experiment
(circles) compared to the results from MAMI (diamonds) [25].
The error bars include statistical uncertainties only. The
curve is the theoretical ⌃3 implied by our measured polar-
izabilities using the �EFT framework. (Note that we did not
fit to ⌃3 but to the individual cross sections.)

We do not quote theoretical uncertainties as this extrac-
tion is only given as a consistency check.

There is some tension between our results and the val-
ues of Eq. (2) extracted in the same theory from the world
database of unpolarized data over a much wider energy
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Polarized Compton Scattering – 1H

4
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circularly (linearly) polarized gamma-ray beam at 81.3MeV
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point-to-point systematic uncertainties added in quadrature.
The curves are the theoretical cross sections implied by our
measured polarizabilities using the �EFT framework.
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�2
min+1 (inner ellipse) contours of the sum-rule-free fit of ↵p
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Eq. (1). The two dots are the central values with and without
the BSR constraint.

range, as well as the current PDG values [26]

↵p
E1 = 11.2± 0.4, �p

M1 = 2.5± 0.4. (8)

The pioneering extraction from the ⌃3 data obtained
by MAMI [25], while in better agreement with both of
these, has a su�ciently large uncertainty that it is also in
agreement with our extraction. Fitting to cross sections
rather than ⌃3 gives our result a smaller uncertainty,
though conducted a lower average energy.

Recently, there have been other determinations from
the full set or a subset of the same unpolarized data, in
di↵erent theoretical frameworks, for examples, see [27–
29]. At lower energies, di↵erent theories tend to agree
better, therefore, high precision data in the energy re-
gion of our experiments have an important role to play
in resolving the discrepancy. The present work, as the
first nanobarn-level Compton scattering measurements
at HIGS, demonstrated that with the improved statistics
of the HIGS data, one can extract the proton polarizabil-
ities with better precision.

In summary, new measurements on Compton scatter-
ing from the proton were performed at HIGS to obtain
the polarized and unpolarized cross sections and deter-
mine the proton polarizabilities using the �EFT frame-
work. The unpolarized cross sections of this work are
consistent with the data of previous proton Compton
scattering measurements. The polarized cross sections
are new and have never been separately measured be-
fore. The sum-rule-free extraction of ↵p

E1 and �p
M1 is

compatible with the BSR and strongly motivates new
high-precision measurements at HIGS to extract the pro-
ton polarizabilities with improved accuracy.
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3He Compton Scattering at HIGS

Preparation for 3He Compton scatteringLeft: photo of inside cryotarget during upgrade. Right: 
schematic of cryotarget for 2K liquid 3He operation from 

supplemental proposal
P

1K pot 4He return1K pot 4He input3He input

3He recovery

1K pot

3He 
condenser

heat exchanger

target cell

50K shield
vacuum can

needle valve

4K radiation shield

Full/Empty valve

Kapton 
beam 

windows

2-stage GM 
cryocooler

3He gas return

3He liquid supply

Left: the cryotarget with fragile components (Kapton windows and cell) 
removed for vent test cooldowns. Right: The temperature rise after 
venting.  Occurs on ~ 1 min time-scale. This determines the 3He gas 
recovery needs.
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Neutron Polarizabilities from 3He Compton Scattering

1. H. W. Griesshammer, J. A. McGovern, and D. R. Phillips, Eur. Phys. J. A54, 37 (2018), arXiv:1711.11546.
2. Harald Griesshammer, D R. Phillips, and J. McGovern, private communication

Ø Perform a differential cross section measurement at 120 MeV or 
higher;

Ø Measure 8 angles between 55o and 155o ;
Ø For neutron 𝛼' − 𝛽'known to ±3 (canonical units);
Ø Polarizabilities show ±5%variation at 120 MeV when 𝛼 − 𝛽 is varied 

by ±2;
Ø To be better than the collective neutron error bar, we have to

measure the cross sections at 110 MeV with ±7% accuracy at the 
back angles2

Ø If the UVU mirror development is successful, we maybe able to do 
120 < 𝜔 < 140 MeV
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Continuing the Deuteron and 4He Compton scattering

1. Harald Griesshammer, private communication

ØPerform a differential cross section measurement at 65 and 85 MeV;
ØMeasure 6 angles between 55o and 155o ;
ØSix angles at two energy would add twelve (12) data points to the world data set 

for the extraction of polarizabilities from deuteron CS

4He Compton Scattering

ØAs part of commissioning the cryogenic target for ANY Compton scattering run, we 
always first take date with 4He filled target;

ØThis exercise will provide us 4He CS cross section data at 8 angles for 120 MeV 
run with 3He;

ØThe nucleon polarizability extractions using xEFT are expected soon1

2H Compton Scattering
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Why do/should we care about polarizabilities?

𝑟! = 0.84184 36: 𝑒𝑥𝑝 56: 𝑡ℎ𝑒𝑜𝑟𝑦 𝑓𝑚
Proton polarizability comes as an input to the theoretical treatment
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Proton Radius Puzzle

Nucleon Self-Energy
Ø 𝑀! −𝑀" = 1.29333217 42 MeV
Ø The EM self-energy of the nucleon 

can be related to the measured 
elastic/inelastic cross sections;

Ø Largest source of error is from  𝛽" −
𝛽! (where error from the neutron 
dominates)

Ø Themes from the LRP 2015
• Expressions of chiral dynamics in hadrons: Pion-cloud physics
• A new era in the theory of hadron structure: Low-energy effective field
theories and Lattice QCD

• Theory of nuclei: to explain, predict and use: ab-initio calculations
(few-nucleon systems and light nuclei

• Long-distance […] effective theory, as well as emerging LQCD
calculations, can provide benchmark predictions for so-called
polarizabilities that parameterize the deformation of hadrons due to
electromagnetic fields, spin fields, or even internal color fields.

o Insight into the binding in nuclear force due to photon 
coupling to charged pion-exchange currents;


