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Low-Energy QCD Research at HIGS:
Nucleon Structure and Strong Nuclear Force in Few-Nucleon Systems

Program Components:
• Nucleon structure in terms of collective 

degrees of freedom: Compton scattering at Eg
> 60 MeV

• Investigation of the strong nuclear force in the 
context of few-nucleon systems: 
photodisintegration of 3N systems
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High Intensity Gamma-ray Source (HIgS)

1.2 GeV Storage Ring FEL

Most intense Compton γ-ray source in the world
Features that enable basic and applied research
• Wide beam energy range: 1 to 120 MeV
• Selectable beam energy spread (by collimation)
• High beam intensity on target (>107 g/s @ DE/E = 5%)
• >95% beam polarization (linear and circular)
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HIgS Users: Low Energy QCD

A. Compton Scattering Collaboration 
1) Duke: H. Gao, C. Howell, W. Tornow, Y. Wu 
2) NCCU: M. Ahmed, B. Crowe, D. Markoff
3) UNC-CH: H. Karwowski
4) GWU: E. Downie, J. Feldman, H. Griesshammer
5) James Madison Univ.: A. Banu and S. Whisnant
6) North Georgia State Univ.: M. Spraker?
7) Ohio Univ.: D. Phillips
8) Univ. Kentucky: M. Kovash
9) Univ. Manchester: J.A. McGovern 
10) Univ. New Hampshire: R. Miskimen
11) Univ. Saskatchewan: R. Pywell
12) Mount Alison Uni, David Hornidge
13) MontClair State Univ., Kent Leung

B.  Few-Nucleon Systems
1) Duke: H. Gao, C. Howell, W. Tornow, Y. Wu 
2) NCCU: M. Ahmed, B. Crowe, D. Markoff
3) UNC-CH: H. Karwowski
4) Budker Inst. Nucl. Phys., Russia: R.N. Lee, 

A.I. Milstein, V.M. Strakhovenko
5) Jagiellonian Univ.: H. Witała
6) JLab: D.W. Higinbotham, B. Sawatzky
7) Univ. Rochester: C.J. Forrest, W. Shmayda
8) Univ. Saskatchewan: R. Pywell, 
9) UVA: B. Norum and D. Crabb
10) Vilnius Univ., Lithuania: A. Deltuva

Researchers from 19 institutions: 13 USA + 6 international 
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Few-Nucleon Research

• May the strong force be with you: Emergence of the nuclear strong force from QCD
• Theory of nuclei: to explain, predict and use: ab-initio calculations (few-nucleon systems and light nuclei), 

nuclear density functional theory for heavy nuclei

US 2015 Nuclear Science LRP: Organizing Themes

Nuclei and Nuclear Reactions

Nuclear structure 
phenomenology and ab initio 

calculations

Potential models, 
χEFT and LQCD

QCD

Hierarchy of theoretical treatments of nuclear systems

Schematic diagram for coherent 
theoretical treatment of nuclear 
systems starting from high energies 
where perturbative QCD can be 
applied going to low-energy nuclear 
phenomena where mean-field potential 
models are most efficient.

• Few-nucleon systems
Photodisintegration 

• Low-energy nucleon structure
Compton scattering
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Few-Nucleon Systems: Recent Results - 3He GDH sum rule 

G. Laskaris et al., Phys. Rev. C 103, 0343311 (2021)
G. Laskaris et al., Phys. Lett. B 750, 547 (2015)
G. Laskaris et al., Phys. Rev. C 89, 024002 (2014)
G. Laskaris et al., Phys. Rev. Lett. 110, 202501 (2013) 

G. LASKARIS et al. PHYSICAL REVIEW C 103, 034311 (2021)

FIG. 3. Measured spin-dependent asymmetry including statisti-
cal and systematic uncertainties compared with the calculations of
Deltuva et al. [23] and Skibiński et al. [26] at ν = 29 MeV.

average of the asymmetries of all 18 detectors at this angle.
By forming the asymmetry for each detector, many systematic
uncertainties including those associated with the solid angle
and the detector efficiency were canceled. Still, there were two
remaining contributions to the systematic uncertainty, namely,
the target polarization of 4.2% and the beam polarization of
1.0%, which resulted in an overall relative systematic uncer-
tainty of 4.3%.

The measured spin-dependent asymmetries as a function
of the proton-scattering angle, θlab at ν = 29 MeV are shown
in Fig. 3 including statistical and systematic uncertainties
added in quadrature. The data are compared with the two
sets of theoretical calculations provided by Deltuva et al. [23]
and Skibiński et al. [26]. Although the calculations based
on the Siegert theorem with relativistic charge corrections
are considered to be more complete, the overall shape of the
experimental results seem to be described better by the calcu-
lations taking into account the MEC explicitly. However, one
cannot reach a definitive conclusion as to which theoretical
calculation is favored by the asymmetry data given the overall
uncertainties.

By combining the measured asymmetry, the known angular
distribution of the unpolarized differential cross sections [43]
and the total cross sections [44,45] at 29 MeV, one can extract
the spin-dependent differential cross sections. Second-order
Legendre polynomials are used to fit the spin-dependent dif-
ferential cross sections and the fitting curves are integrated
over the angle to extract the spin-dependent total cross sec-
tions and the GDH integrand.

Table I summarizes the extracted spin-dependent total
cross sections and the contribution from the two-body photo-
disintegration to the 3He GDH integrand in comparison to the
two sets of calculations from Deltuva et al. [23] and Skibiński
et al. [26]. The reported uncertainties include the statistical
and systematic uncertainties of the current asymmetry mea-
surement and the uncertainties associated with the known
angular distribution [43] and the total cross sections [44,45].

TABLE I. The extracted spin-dependent total cross sections, σ P

and σ A, and the contributions from the two-body photodisintegra-
tion to 3He GDH integrand, (σ P − σ A)/ν compared with theoretical
predictions.

σ P(µb) σ A(µb) (σ P − σ A)/ν (fm3)

This work 277 ± 32 276 ± 30 (0.07 ± 2.77) × 10−2

Deltuva et al. (MEC) 305 306 −6.8 × 10−4

Deltuva et al. (Siegert) 309 336 −1.84 × 10−2

Skibiński et al. (MEC) 303 299 2.72 × 10−3

Skibiński et al. (Siegert) 295 310 −1.02 × 10−2

The extracted spin-dependent total cross sections are slightly
smaller in magnitude but within ≈1σ from the calculations.
As expected based on the asymmetry results, the extracted
GDH integrand seems to favor the explicit MEC-based cal-
culations.

Figure 4 shows the contributions from two-body photo-
disintegration to the 3He GDH integrand together with the
two sets of predictions from Deltuva et al. [23] and Skibiński
et al. [26] as a function of the incident photon energy. In the
same figure the past measurements of the contributions from
the three-body photodisintegration to the 3He GDH integrand
together with the predictions from Refs. [23] and [26] are
shown for comparison. The dominance of the three-body over
the two-body photodisintegration contribution to the GDH
integrand might be explained by the much larger total three-
body cross sections than that of the two-body channel in this
energy range. Noteworthy, the best description of two- and
three-body data is given by different calculations, based either
on explicit MEC or Siegert with relativistic charge correc-
tions, respectively.

FIG. 4. The extracted GDH integrand of $3He($γ , p)2H (blue
square) plotted together with the results from $3He($γ , n)pp (red
circles) [19–22] including statistical and systematic uncertainties
compared with the calculations of Deltuva et al. [23] and Skibiński
et al. [26].
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Gerasimov-Drell-Hearn sum rule:  
• 3He 3-body and 2-body photodisintegration integrand 
• double polarizations

Spokespersons: Haiyan Gao (Duke U.), Georgios 
Laskaris (, and Mohammad Ahmed (NCCU)



TUNL

QCD Town Meeting, September 23 - 25, 2022 6

Few-Nucleon Systems: Coming Results – Exclusive 3He photodisintegration 

Spokespersons: Calvin Howell (Duke U.) 
and Forrest Friesen (Duke U.)
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3He(g, pp)n and 3He(g, pd) 
Eg = 15 MeV
Qp,d = 87�, qp,d = 84�, 
Dfpp/pd = 180�

S

S = 0

p-d coinc. 

Ecp (MeV)

np FSI
Status:
• First exclusive measurements of 3-body 

photodisintegration of 3He below 200 MeV 
• Forrest Friesen defended thesis in June 2019
• F.Q.L. Friesen and C.R. Howell, NIM A955, 

163302 (2020).
• Publication in preparation

Eg = 15.0 MeV

qp1 = 87∘, qp2 = 84∘, 
Dfpp = 180∘
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Few-Nucleon Systems: Pending – Neutron recoil polarization in 2H photodisintegration

Spokespersons: Blaine Norum (UVA) Eg = 8 – 16 MeV

data: R. Nath, F.W.K. Firk, and H.L. Schultz, Nucl. 
Phys. A194, 49 (1972).

Curve: H. Arenhövel and M. Sanzone, Few-body 
Syst. Suppl. 3, 1 (1991); private communications
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Low-Energy Nucleon Structure: effective degrees of freedomJ. Phys. G: Nucl. Part. Phys. 49 (2022) 010502 C R Howell et al

Figure 18. The appropriate degrees of freedom with which to describe nucleon structure
depend on the distance scale at which it is probed: quarks and gluons at high energies
(left); or nucleons, their pion clouds and nucleonic excitations at low energies (right).

[16, 154–158]. This information can be encoded in the proportionality factors between the
incident !eld and the induced multipole: the dynamical, energy-dependent polarizabilities of
the nucleon. Intuitively speaking, they measure the response of the low-energy degrees of
freedom in the nucleon in transitions Xl → Yl′ of de!nite multipolarity for a real photon with
non-zero frequencyω, and l′ = l ± {0; 1}. After subtracting the effects of a point-like nucleon,
one expands the amplitude as (X, Y = E, M; Ti j = 1

2 (∂iT j + ∂ jTi); and T = E, B):

2π
[
αE1(ω) %E2 + βM1(ω)%B2 + γE1E1(ω)%σ · (%E × %̇E) + γM1M1(ω)%σ · (%B × %̇B)

− 2γM1E2(ω)σiB jEi j + 2γE1M2(ω)σiE jBi j + . . . (higher multipoles)
]
. (4.1)

For ω up to about 300 MeV, just six dynamical polarizabilities characterize the nucleon
response: two scalar polarizabilities,αE1(ω) and βM1(ω), for electric and magnetic dipole tran-
sitions, and four spin polarizabilities γi(ω) which are addressed in more detail below. The zero
frequency values, αE1(ω = 0) etc, are often called the ‘polarizabilities’.

As explained above, Compton scattering has a special role as a scale-scanning probe of
the nucleon’s internal degrees of freedom. In the NGLCGS energy range, the six dynamical
polarizability functions above serve as benchmarks of our understanding of the way in which
short-distance QCD dynamics and the consequences of chiral symmetry breaking—especially
as encoded in pionic excitations—combine to produce nucleon structure. Subtle alterations
in this interplay then produce differences between proton and neutron values, and precise
polarizability numbers (including nucleon differences) are crucial ingredients in attempts to
understand the neutron–proton mass difference and the extraction of nuclear radii from the
Lamb shift in muonic atoms that produced the ‘proton-radius puzzle’ [158–162].

Our goal is to map out the interplay of low-energy QCD mechanisms that is encoded in
the dynamical polarizabilities of the proton and neutron. To this end, we advocate a series
of NGLCGS Compton-scattering experiments with both polarized and unpolarized beams
and targets. The targets are the proton, deuteron, 3He and 4He, see !gure 19. This means

40

Separate A’s into pole and non-pole parts 

R. P. Hildebrandt, H.W. Griesshammer, T.R. Hemmert and B. Pasquini,  Eur. Phys. J. A 20, 329 (2004).

(l = 1)

R.P. Hildebrandt et al.: Spin polarizabilities of the nucleon from polarized low-energy Compton scattering 331

The two spin configurations we investigate are de-
scribed in sect. 3, after a short repetition of the theoreti-
cal framework (sect. 2). In sect. 4, we propose a procedure
to determine spin polarizabilities from experiment, before
we have another look at spin-averaged cross-sections in
sect. 5. The results for the proton asymmetries are pre-
sented and interpreted in sect. 6, the ones for the neutron
in sect. 7. Conclusions and an appendix on the two dom-
inating Compton amplitudes complete the presentation.

2 Theoretical framework

We calculate in the framework of Chiral Effective Field
Theory with and without explicit ∆(1232) degrees of free-
dom. Details concerning the former, Heavy Baryon Chiral
Perturbation Theory (HBχPT), which contains only pions
and nucleons as explicit degrees of freedom, can be found,
e.g., in [17]. The formalism of the latter, called “Small
Scale Expansion” (SSE) —an effective chiral field theory
describing explicit pion, nucleon and ∆(1232) degrees of
freedom— is discussed in [18]. This work is based on the
calculation of dynamical nucleon polarizabilities and spin-
averaged Compton cross-sections of the proton in [13] to
which we refer the interested reader for details of our no-
tation.

Real Compton scattering can be formulated in terms
of six amplitudes2 A1–A6. The T -matrix reads

T (ω, z) = A1(ω, z)$ε ′∗ · $ε + A2(ω, z)$ε ′∗ · $̂k$ε · $̂k′

+i A3(ω, z)$σ · ($ε ′∗ × $ε ) + i A4(ω, z)$σ ·
(

$̂k′ × $̂k
)

$ε ′∗ · $ε

+i A5(ω, z)$σ ·
[(

$ε ′∗ × $̂k
)

$ε · $̂k′ −
(

$ε × $̂k′
)

$ε ′∗ · $̂k
]

+i A6(ω, z)$σ ·
[(

$ε ′∗ × $̂k′
)

$ε · $̂k′ −
(

$ε × $̂k
)

$ε ′∗ · $̂k
]

(2.1)

with $̂k ($̂k′) the unit vector in the momentum direction of
the incoming (outgoing) photon with polarization $ε ($ε ′∗).
We separate these amplitudes into pole (Apole

i ) and non-
pole (Āi) parts.

The non-pole amplitudes are also referred to as the
structure part of the amplitudes. The question whether a
contribution belongs to the structure part cannot be an-
swered uniquely. In our definition, only those terms which
have a pole either in the s-, u- or t-channel are treated
as non-structure. If we were only concerned with the
full calculation of Compton scattering cross-sections, this
separation clearly would be irrelevant because both the
structure-dependent as well as the structure-independent
part contribute. Here, however, we investigate the role of
the internal nucleonic degrees of freedom on the spin and
quadrupole polarizabilities in Compton scattering. There-
fore, we need to be able to turn off and on the different

2 These amplitudes are different from the amplitudes Ai

in [14], as we use a different basis.

nucleon polarizabilities, which are contained only in the
structure part of the amplitudes.

Expressing the l = 1 multipole expansion for nucleon
Compton scattering in terms of dynamical dipole polariz-
abilities, one obtains

Ā1(ω, z) =
4π W

M
[αE1(ω) + z βM1(ω)] ω2 + O(l = 2),

Ā2(ω, z) = −4π W

M
βM1(ω)ω2 + O(l = 2),

Ā3(ω, z) = −4π W

M

[

γE1E1(ω) + z γM1M1(ω)

+γE1M2(ω) + z γM1E2(ω)
]

ω3 + O(l = 2),

Ā4(ω, z) =
4π W

M

[

− γM1M1(ω)

+γM1E2(ω)
]

ω3 + O(l = 2),

Ā5(ω, z) =
4π W

M
γM1M1(ω)ω3 + O(l = 2),

Ā6(ω, z) =
4π W

M
γE1M2(ω)ω3 + O(l = 2). (2.2)

We choose to work in the centre-of-mass frame. Thus, ω
denotes the cm energy of the photon, M the isoscalar nu-
cleon mass, W =

√
s the total cm energy, and θ the cm

scattering angle with z = cos θ.
The structure amplitudes Ā3–Ā6 contain only spin po-

larizabilities, Ā1–Ā2 only spin-independent ones. The spin
polarizabilities γ0 (γπ) mentioned in the introduction are
the leading coefficients of Ā3 for θ = 0◦ (θ = 180◦) at zero
energy:

γ0 = −(γ̄E1E1 + γ̄M1M1 + γ̄E1M2 + γ̄M1E2),
γπ = −γ̄E1E1 + γ̄M1M1 − γ̄E1M2 + γ̄M1E2

and thus do not suffice to determine the four leading
spin polarizabilities completely. Here, γ̄i denotes the static
limit γ̄i = γi(ω = 0). A precise definition of polarizabili-
ties via the multipole expansion of the amplitudes is given
in [13].

In the following, we list all the diagrams contributing
in our leading-one-loop order (O(ε3)) calculation in the
Small Scale Expansion, which contains the leading chiral
dynamics of the pion cloud and the dominant ∆ physics
with its pionic cloud. ε is the expansion parameter of SSE
and denotes either a small momentum, the pion mass or
the mass difference between nucleon and ∆(1232). A dia-
gram at a certain order in p containing pions in the the-
ory without explicit ∆ degrees of freedom, HBχPT, con-
tributes at the same order ε in SSE.

In fig. 1, we show the four HBχPT non-structure (pole)
diagrams which contribute to an O(p3) (and therefore
also to an O(ε3)) calculation: the pole diagrams (a,b), the
Thomson term (c) and the “pion pole” (d). The pole parts
are thus given by the amplitudes of Compton scattering off
a point-like nucleon with an anomalous magnetic moment,
in addition to the π0-pole contribution in the t-channel.
In the literature, the latter contribution is sometimes clas-
sified as a structure part.
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nucleon polarizabilities, which are contained only in the
structure part of the amplitudes.

Expressing the l = 1 multipole expansion for nucleon
Compton scattering in terms of dynamical dipole polariz-
abilities, one obtains

Ā1(ω, z) =
4π W

M
[αE1(ω) + z βM1(ω)] ω2 + O(l = 2),

Ā2(ω, z) = −4π W

M
βM1(ω)ω2 + O(l = 2),

Ā3(ω, z) = −4π W

M

[

γE1E1(ω) + z γM1M1(ω)

+γE1M2(ω) + z γM1E2(ω)
]

ω3 + O(l = 2),

Ā4(ω, z) =
4π W

M

[

− γM1M1(ω)

+γM1E2(ω)
]

ω3 + O(l = 2),

Ā5(ω, z) =
4π W

M
γM1M1(ω)ω3 + O(l = 2),

Ā6(ω, z) =
4π W

M
γE1M2(ω)ω3 + O(l = 2). (2.2)

We choose to work in the centre-of-mass frame. Thus, ω
denotes the cm energy of the photon, M the isoscalar nu-
cleon mass, W =

√
s the total cm energy, and θ the cm

scattering angle with z = cos θ.
The structure amplitudes Ā3–Ā6 contain only spin po-

larizabilities, Ā1–Ā2 only spin-independent ones. The spin
polarizabilities γ0 (γπ) mentioned in the introduction are
the leading coefficients of Ā3 for θ = 0◦ (θ = 180◦) at zero
energy:

γ0 = −(γ̄E1E1 + γ̄M1M1 + γ̄E1M2 + γ̄M1E2),
γπ = −γ̄E1E1 + γ̄M1M1 − γ̄E1M2 + γ̄M1E2

and thus do not suffice to determine the four leading
spin polarizabilities completely. Here, γ̄i denotes the static
limit γ̄i = γi(ω = 0). A precise definition of polarizabili-
ties via the multipole expansion of the amplitudes is given
in [13].

In the following, we list all the diagrams contributing
in our leading-one-loop order (O(ε3)) calculation in the
Small Scale Expansion, which contains the leading chiral
dynamics of the pion cloud and the dominant ∆ physics
with its pionic cloud. ε is the expansion parameter of SSE
and denotes either a small momentum, the pion mass or
the mass difference between nucleon and ∆(1232). A dia-
gram at a certain order in p containing pions in the the-
ory without explicit ∆ degrees of freedom, HBχPT, con-
tributes at the same order ε in SSE.

In fig. 1, we show the four HBχPT non-structure (pole)
diagrams which contribute to an O(p3) (and therefore
also to an O(ε3)) calculation: the pole diagrams (a,b), the
Thomson term (c) and the “pion pole” (d). The pole parts
are thus given by the amplitudes of Compton scattering off
a point-like nucleon with an anomalous magnetic moment,
in addition to the π0-pole contribution in the t-channel.
In the literature, the latter contribution is sometimes clas-
sified as a structure part.

• The non-pole parts of the amplitudes contain internal structure 
information on the dynamical response of the nucleon to EM fields

• The amplitudes factor into 6 response functions (or 
polarizabilities): 2 spin independent and 4 spin dependent

• Measurements of the nucleon polarizabilities test chiral dynamics 
inside the nucleon at energies of w < mp

15

These terms are straightforward extensions to the e↵ective Lagrangian of zero-energy

scattering, where the photons couple electrically or magnetically (X, Y = E,M) and

undergo transitions Xl ! Y l
0 of definite multipolarities l and l

0 = l ± 1, 0. The

interactions are unique up to field redefinitions using the equations of motion. Dipole

couplings are proportional to the electric and magnetic field directly, or to their time

derivatives. Quadrupole interactions couple to the irreducible second-rank tensors

Eij and Hij [27]. Thus, with these scalars, the third order term in the scattering

amplitude of Eq. 2.5 can be parametrized as the following equation,

H
(3)
eff = �4⇡


1

2
�E1E1 ~�·( ~E ⇥ ~̇E) +

1

2
�M1M1 ~�·( ~H ⇥ ~̇H)� �M1E2Eij�iHj + �E1M2Hij�iEj

�
,

(2.12)

where �E1E1, �M1M1, �M1E2 and �E1M2 are the four spin polarizabilites of the proton.

Figure 2.1: Nuclear Compton Scattering below ⇡-production threshold, where El and
Ml refer to the multipolarities of the incident and scattered photon, and N , N? and
� refer to the intermediate or excited state of the nucleon.

These four leading-order spin polarizabilities are low-energy manifestations of the

𝑑𝜎
𝑑Ω = Φ! 𝑇 !
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The two spin configurations we investigate are de-
scribed in sect. 3, after a short repetition of the theoreti-
cal framework (sect. 2). In sect. 4, we propose a procedure
to determine spin polarizabilities from experiment, before
we have another look at spin-averaged cross-sections in
sect. 5. The results for the proton asymmetries are pre-
sented and interpreted in sect. 6, the ones for the neutron
in sect. 7. Conclusions and an appendix on the two dom-
inating Compton amplitudes complete the presentation.

2 Theoretical framework

We calculate in the framework of Chiral Effective Field
Theory with and without explicit ∆(1232) degrees of free-
dom. Details concerning the former, Heavy Baryon Chiral
Perturbation Theory (HBχPT), which contains only pions
and nucleons as explicit degrees of freedom, can be found,
e.g., in [17]. The formalism of the latter, called “Small
Scale Expansion” (SSE) —an effective chiral field theory
describing explicit pion, nucleon and ∆(1232) degrees of
freedom— is discussed in [18]. This work is based on the
calculation of dynamical nucleon polarizabilities and spin-
averaged Compton cross-sections of the proton in [13] to
which we refer the interested reader for details of our no-
tation.

Real Compton scattering can be formulated in terms
of six amplitudes2 A1–A6. The T -matrix reads

T (ω, z) = A1(ω, z)$ε ′∗ · $ε + A2(ω, z)$ε ′∗ · $̂k$ε · $̂k′

+i A3(ω, z)$σ · ($ε ′∗ × $ε ) + i A4(ω, z)$σ ·
(

$̂k′ × $̂k
)

$ε ′∗ · $ε

+i A5(ω, z)$σ ·
[(

$ε ′∗ × $̂k
)

$ε · $̂k′ −
(

$ε × $̂k′
)

$ε ′∗ · $̂k
]

+i A6(ω, z)$σ ·
[(

$ε ′∗ × $̂k′
)

$ε · $̂k′ −
(

$ε × $̂k
)

$ε ′∗ · $̂k
]

(2.1)

with $̂k ($̂k′) the unit vector in the momentum direction of
the incoming (outgoing) photon with polarization $ε ($ε ′∗).
We separate these amplitudes into pole (Apole

i ) and non-
pole (Āi) parts.

The non-pole amplitudes are also referred to as the
structure part of the amplitudes. The question whether a
contribution belongs to the structure part cannot be an-
swered uniquely. In our definition, only those terms which
have a pole either in the s-, u- or t-channel are treated
as non-structure. If we were only concerned with the
full calculation of Compton scattering cross-sections, this
separation clearly would be irrelevant because both the
structure-dependent as well as the structure-independent
part contribute. Here, however, we investigate the role of
the internal nucleonic degrees of freedom on the spin and
quadrupole polarizabilities in Compton scattering. There-
fore, we need to be able to turn off and on the different

2 These amplitudes are different from the amplitudes Ai

in [14], as we use a different basis.

nucleon polarizabilities, which are contained only in the
structure part of the amplitudes.

Expressing the l = 1 multipole expansion for nucleon
Compton scattering in terms of dynamical dipole polariz-
abilities, one obtains

Ā1(ω, z) =
4π W

M
[αE1(ω) + z βM1(ω)] ω2 + O(l = 2),

Ā2(ω, z) = −4π W

M
βM1(ω)ω2 + O(l = 2),

Ā3(ω, z) = −4π W

M

[

γE1E1(ω) + z γM1M1(ω)

+γE1M2(ω) + z γM1E2(ω)
]

ω3 + O(l = 2),

Ā4(ω, z) =
4π W

M

[

− γM1M1(ω)

+γM1E2(ω)
]

ω3 + O(l = 2),

Ā5(ω, z) =
4π W

M
γM1M1(ω)ω3 + O(l = 2),

Ā6(ω, z) =
4π W

M
γE1M2(ω)ω3 + O(l = 2). (2.2)

We choose to work in the centre-of-mass frame. Thus, ω
denotes the cm energy of the photon, M the isoscalar nu-
cleon mass, W =

√
s the total cm energy, and θ the cm

scattering angle with z = cos θ.
The structure amplitudes Ā3–Ā6 contain only spin po-

larizabilities, Ā1–Ā2 only spin-independent ones. The spin
polarizabilities γ0 (γπ) mentioned in the introduction are
the leading coefficients of Ā3 for θ = 0◦ (θ = 180◦) at zero
energy:

γ0 = −(γ̄E1E1 + γ̄M1M1 + γ̄E1M2 + γ̄M1E2),
γπ = −γ̄E1E1 + γ̄M1M1 − γ̄E1M2 + γ̄M1E2

and thus do not suffice to determine the four leading
spin polarizabilities completely. Here, γ̄i denotes the static
limit γ̄i = γi(ω = 0). A precise definition of polarizabili-
ties via the multipole expansion of the amplitudes is given
in [13].

In the following, we list all the diagrams contributing
in our leading-one-loop order (O(ε3)) calculation in the
Small Scale Expansion, which contains the leading chiral
dynamics of the pion cloud and the dominant ∆ physics
with its pionic cloud. ε is the expansion parameter of SSE
and denotes either a small momentum, the pion mass or
the mass difference between nucleon and ∆(1232). A dia-
gram at a certain order in p containing pions in the the-
ory without explicit ∆ degrees of freedom, HBχPT, con-
tributes at the same order ε in SSE.

In fig. 1, we show the four HBχPT non-structure (pole)
diagrams which contribute to an O(p3) (and therefore
also to an O(ε3)) calculation: the pole diagrams (a,b), the
Thomson term (c) and the “pion pole” (d). The pole parts
are thus given by the amplitudes of Compton scattering off
a point-like nucleon with an anomalous magnetic moment,
in addition to the π0-pole contribution in the t-channel.
In the literature, the latter contribution is sometimes clas-
sified as a structure part.

J. Phys. G: Nucl. Part. Phys. 49 (2022) 010502 C R Howell et al

Figure 22. Static scalar polarizabilities (blue: proton; red: neutron); most recent PDG
listings. Ellipses represent 1σ errors, with statistical, systematic and theoretical errors
added in quadrature.

γE1E1 γM1M1 γE1M2 γM1E2

MAMI [170, 171, 200 − 202] −3.5 ± 1.2 3.2 ± 0.9 −0.7 ± 1.2 2.0 ± 0.3

χEFTvariant 1 [182] −1.1 ± 1.9th 2.2 ± 0.5stat ± 0.6th −0.4 ± 0.6th 1.9 ± 0.5th

χEFTvariant 2 [203] −3.3 ± 0.8th 2.9 ± 1.5th +0.2 ± 0.2th 1.1 ± 0.3th

DR [162, 185, 204] −[3.4 . . . 4.5] [2.7 . . . 3.0] [−0.1 . . . 0.3] [1.9 . . . 2.3]

(4.3)

But more work is clearly needed to reduce the experimental uncertainties of 20%–170% and
obtain more accurate information on the low-energy response of the nucleon’s spin degrees of
freedom to electromagnetic !elds.

4.1.4. Overall goals of a Compton program. The existing unpolarized proton database, while
large in size, is noisy, and the data between 190 MeV and 250 MeV are not of particularly
high quality [16]. The deuteron data were markedly improved by Myers et al [194, 195], but
the uncertainties are not on a par with the proton ones. Spin polarizabilities are best extracted
from data with both polarized beams and polarized targets. For the proton, pioneering double-
polarization data are now available [166, 167, 196–198]; but there is no corresponding data set
for a light-nuclear target from which neutron values can be inferred. Indeed, no data, polarized
or unpolarized, have been published for 3He, which seems to be a promising target in this
regard.

Further progress in our understanding of the nucleon’s electromagnetic response will thus
come on three fronts:
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Baldin sum rule

308 The European Physical Journal A

Fig. 12. Dispersion Theory result for the real (solid lines) and imaginary (dashed lines) parts of the isoscalar dynamical
polarizabilities discussed in the text.

i) Both state-of-the-art Dispersion Theory as well as Chi-
ral Effective Field Theory with explicit ∆(1232) de-
grees of freedom are able to describe the proton Comp-
ton cross-sections in the low-energy region very well.
We note that without explicit ∆(1232) degrees of free-
dom, the calculations deviate considerably at back-
ward angles for photon energies starting as early as
80 MeV, as already discussed in the literature [24].

ii) An l = 1 truncation in the multipole expansion of
Compton scattering is found to be completely suffi-
cient to describe available cross-sections up to energies
of the ∆-resonance. This implies that all information

about the structure of the nucleon in spin-averaged
Compton scattering at low energies is contained in
the six dynamical dipole polarizabilities. In [35] it is
demonstrated that the same holds for the observables
in polarized Compton scattering.

iii) After determining the free parameters (two or three,
respectively) from experiment, there is an impressive
agreement between Dispersion Theory and SSE in
most multipole channels below 170 MeV. Differing pre-
dictions in some dynamical polarizabilities cannot be
resolved at the present level of experimental error bars
in proton Compton scattering.

HIGS Mainz (A2)

• aE1: charged pion-cloud dynamics
• bM1: pion charge current dynamical response
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Figure 20. A cartoon that illustrates how the response of the nucleon, including its spin,
to an applied magnetic !eld provides information on the nucleon’s composition in terms
of low-energy degrees of freedom.

Figure 21. Left: magnetic polarizabilities of nucleons and light nuclei extracted from
LQCD computations performed at mπ = 800 MeV [174]. Right: pion-mass dependence
of the electric polarizabilities in χEFT, with experimental extractions at the physical
point and available lattice results [178].

The recent success of the background-!eld technique used for these calculations has led to
a strong effort to re!ne computations of nucleons and nuclei in uniform electromagnetic !elds
[168–176]. Results from the NPLQCD collaboration shown in !gure 21 even include the !rst
computations of magnetic properties of light nuclei. There is also a pioneering computation
of γE1E1 by Engelhardt [177]. Both show that lattice and experimental uncertainties on these
quantities are commensurate, and have the opportunity to be reduced in parallel.

Currently, the most signi!cant systematic error is that computations are performed at
unphysically large pion masses, altering the dynamical response to applied electromagnetic
!elds. However, recent cross-fertilization between LQCD and phenomenology furthers the

42
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Fig. 12. Dispersion Theory result for the real (solid lines) and imaginary (dashed lines) parts of the isoscalar dynamical
polarizabilities discussed in the text.

i) Both state-of-the-art Dispersion Theory as well as Chi-
ral Effective Field Theory with explicit ∆(1232) de-
grees of freedom are able to describe the proton Comp-
ton cross-sections in the low-energy region very well.
We note that without explicit ∆(1232) degrees of free-
dom, the calculations deviate considerably at back-
ward angles for photon energies starting as early as
80 MeV, as already discussed in the literature [24].

ii) An l = 1 truncation in the multipole expansion of
Compton scattering is found to be completely suffi-
cient to describe available cross-sections up to energies
of the ∆-resonance. This implies that all information

about the structure of the nucleon in spin-averaged
Compton scattering at low energies is contained in
the six dynamical dipole polarizabilities. In [35] it is
demonstrated that the same holds for the observables
in polarized Compton scattering.

iii) After determining the free parameters (two or three,
respectively) from experiment, there is an impressive
agreement between Dispersion Theory and SSE in
most multipole channels below 170 MeV. Differing pre-
dictions in some dynamical polarizabilities cannot be
resolved at the present level of experimental error bars
in proton Compton scattering.

15

These terms are straightforward extensions to the e↵ective Lagrangian of zero-energy

scattering, where the photons couple electrically or magnetically (X, Y = E,M) and

undergo transitions Xl ! Y l
0 of definite multipolarities l and l

0 = l ± 1, 0. The

interactions are unique up to field redefinitions using the equations of motion. Dipole

couplings are proportional to the electric and magnetic field directly, or to their time

derivatives. Quadrupole interactions couple to the irreducible second-rank tensors

Eij and Hij [27]. Thus, with these scalars, the third order term in the scattering

amplitude of Eq. 2.5 can be parametrized as the following equation,

H
(3)
eff = �4⇡


1

2
�E1E1 ~�·( ~E ⇥ ~̇E) +

1

2
�M1M1 ~�·( ~H ⇥ ~̇H)� �M1E2Eij�iHj + �E1M2Hij�iEj

�
,

(2.12)

where �E1E1, �M1M1, �M1E2 and �E1M2 are the four spin polarizabilites of the proton.

Figure 2.1: Nuclear Compton Scattering below ⇡-production threshold, where El and
Ml refer to the multipolarities of the incident and scattered photon, and N , N? and
� refer to the intermediate or excited state of the nucleon.

These four leading-order spin polarizabilities are low-energy manifestations of the

16

spin structure of the nucleon, which parameterize the response of the nucleon spin

to an applied electric or magnetic field. The physics behind these spin polarizabil-

ities involve the excitation of the spin-12 nucleon target to some intermediate state

(� or N
?) via an electric or magnetic (E1 or M1) dipole transition and a succes-

sive de-excitation back into a spin-12 nucleon final state via an electric or magnetic

dipole (E1 or M1) or quadrupole (E2 or M2) transition as in Fig. 2.1. Thus, the

nomenclature of these four terms is related to the multipole fields associated with

the electromagnetic radiation. For example, �E1M2 represents the spin polarizability

of a proton when it is excited to one of its possible intermediate states, 3
2 state (the

excitation of a �) by absorbing dipole radiation E1 and de-excited back to the 1
2

state by emitting quadrupole radiation M2. The two spin polarizabilities �E1E1 and

�M1M1 correspond to dipole-dipole transitions, analogous to the classical Faraday ef-

fect related to birefringence inside the nucleon [28]. They describe how an incoming

photon causes a dipole deformation in the nucleon spin, which in turn leads to dipole

radiation. The two mixed-spin polarizabilities, �E1M2 and �M1E2, represent scatter-

ing, where the angular momenta of the incident and outgoing photons di↵er by one

unit [28].

2.1.2.5 Forward spin polarizability

Although the two scalar polarizabilities have been measured for the proton, very

few experiments have attempted to extract these Spin Polarizabilities (SPs). Several

experiments have provided constraints on linear combinations of SPs. One of the

combinations that has been measured so far is the forward spin polarizability, �0,

which comes from a set of two experiments of the GDH Collaboration [29] and is

defined as

�0 = ��E1E1 � �E1M2 � �M1M1 � �M1E2. (2.13)

18

2.1.2.6 Backward spin polarizability

The second linear combination that has been measured so far is the backward spin

polarizability, �⇡, which comes from a back-angle Compton scattering experiment at

MAMI and is defined as

�⇡ = ��E1E1 � �E1M2 + �M1M1 + �M1E2. (2.15)

Figure 2.3: Experimental di↵erential cross sections for Compton scattering measured
using the LARge Acceptance arrangement (LARA) and segmented recoil counter
SENECA at MAMI compared with data from experiments at Saskatoon and LEGS.
Backward spin polarizability �38.7, �27.2 and �23.3 in standard spin polarizabil-
ity units of 10�4 fm4 determined using a dispersive fitting to back-angle Compton
scattering data [32].

The back-angle Compton scattering experiment at MAMI [32] used a single large

NaI detector at 136�, along with the forward wall Göttingen SENECA detector [30].

These data sets covered a range of incident photon energies, !, from 200 MeV to

470 MeV. The di↵erential cross sections at scattering angle of ✓
c.m.
� = 135� were

measured. A dispersion relation analysis was applied to the MAMI data set, along

with the other data sets from Saskatoon [33], LEGS [34, 35] and LARA [36, 37]. The

• The spin-dependent polarizabilities enter the Hamiltonian in terms that 
involve spin-flip operators

• A rotating E-field or B-field will induce a precession of the nucleon spin axis 
around the momentum direction of the circularly polarized photon with a 
rate proportional to the magnitude of the associated spin polarizability. 

• Energy dependence of the spin polarizabilities indicates interplay of pion 
and Delta dynamics in the low-energy response of nucleons: test of chiral 
dynamics

TAC 2011
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Beam Polarization 
i = 1: unpolarized
i = 2: circular polarization
i = 3: linear polarization 

Polarized photon beam and polarized target required
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antiparallel (1/2) as,

↵e
2

2M2
=

1

4⇡2

Z 1

!th

�3/2(!)� �1/2(!)

!
d!, (2.10)

where ↵e = 1/137.04 is the fine structure contstant, �3/2 is the total photo-absorption

cross section when the helicity of the beam and the polarization of the target are

parallel and �1/2 is when the helicity of the beam and the polarization of the target

are antiparallel. In a similar way, the sum rule relates the forward spin polarizability,

�0, to the total photoabsorption cross section as

�0 = �
1

4⇡2

Z 1

!th

�3/2(!)� �1/2(!)

!3
d!. (2.11)

2.1.2.4 Spin Polarizabilities

The expansion of the e↵ective Hamiltonian to the third order of photon energy can

be explained based on the fact that it must respect basic symmetries of charge con-

jugation (C), parity (P) and time reversal (T) as shown in Table 2.1.

Quantity C P T
~E - - +
~H - + -
~� + + -
@i + - +
@t + + -

Table 2.1: Behavior of electric field, magnetic field, nucleon spin, spatial derivative
and time derivative under charge conjugation, C, parity, P, and time reversal, T [26].

To construct the third order Hamiltonian without breaking C, P and T, only four

scalars ~� · ( ~E ⇥ ~̇E), ~� · ( ~H ⇥ ~̇H), Eij�iHj and Hij�iEj can be used. The terms ~̇E,

~̇H, Eij and Hij are the partial derivatives with respect to time and space defined as

~̇E = @t
~E, ~̇H = @t

~H, Eij = 1
2(@iEj + @jEi) and Hij = 1

2(@iHj + @jHi), respectively.

g0 = (-1.00 ± 0.13) x 10-4 fm4

gp = (-38.7 ± 1.8) x 10-4 fm4

Recent Measurements:

Observable Proton
Neutron: 

2H
Neutron: 

3He
Neutron: 

4He
ds/dW MAMI/

HIGS
HIGS HIGS

S3 MAMI/
HIGS

S2x MAMI

S2z MAMI
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The spin polarizabilities of the nucleon describe how the spin of the nucleon responds to an incident
polarized photon. The most model-independent way to extract the nucleon spin polarizabilities is through
polarized Compton scattering. Double-polarized Compton scattering asymmetries on the proton were
measured in the Δð1232Þ region using circularly polarized incident photons and a transversely polarized
proton target at the Mainz Microtron. Fits to asymmetry data were performed using a dispersion model
calculation and a baryon chiral perturbation theory calculation, and a separation of all four proton spin
polarizabilities in the multipole basis was achieved. The analysis based on a dispersion model calculation
yields γE1E1 ¼ −3.5$ 1.2, γM1M1 ¼ 3.16$ 0.85, γE1M2 ¼ −0.7$ 1.2, and γM1E2 ¼ 1.99$ 0.29, in units
of 10−4 fm4.

DOI: 10.1103/PhysRevLett.114.112501 PACS numbers: 25.20.Lj, 13.40.-f, 13.60.Fz, 13.88.+e

Electromagnetic polarizabilities are fundamental proper-
ties of composite systems such as molecules, atoms, nuclei,
and hadrons [1]. Whereas magnetic moments provide
information about the ground-state properties of a system,

polarizabilities provide information about the excited states
of the system. For atomic systems, polarizabilities are of
the order of the atomic volume. For hadrons, polarizabil-
ities are much smaller than the volume, typically of order

PRL 114, 112501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

20 MARCH 2015

0031-9007=15=114(11)=112501(5) 112501-1 © 2015 American Physical Society

Measurements of Double-Polarized Compton Scattering Asymmetries
and Extraction of the Proton Spin Polarizabilities

P. P. Martel,1,2,3,* R. Miskimen,1,† P. Aguar-Bartolome,2 J. Ahrens,2 C. S. Akondi,4 J. R. M. Annand,5 H. J. Arends,2

W. Barnes,1 R. Beck,6 A. Bernstein,7 N. Borisov,8 A. Braghieri,9 W. J. Briscoe,10 S. Cherepnya,11 C. Collicott,12,13

S. Costanza,9 A. Denig,2 M. Dieterle,14 E. J. Downie,2,5,10 L. V. Fil’kov,11 S. Garni,14 D. I. Glazier,5,15 W. Gradl,2

G. Gurevich,16 P. Hall Barrientos,15 D. Hamilton,5 D. Hornidge,3 D. Howdle,5 G. M. Huber,17 T. C. Jude,15 A. Kaeser,14

V. L. Kashevarov,11 I. Keshelashvili,14 R. Kondratiev,16 M. Korolija,18 B. Krusche,14 A. Lazarev,8 V. Lisin,16 K. Livingston,5

I. J. D. MacGregor,5 J. Mancell,5 D. M. Manley,4 W. Meyer,19 D. G. Middleton,2,3 A. Mushkarenkov,1 B. M. K. Nefkens,20,‡

A. Neganov,8 A. Nikolaev,6 M. Oberle,14 H. Ortega Spina,2 M. Ostrick,2 P. Ott,2 P. B. Otte,2 B. Oussena,2 P. Pedroni,9

A. Polonski,16 V. Polyansky,11 S. Prakhov,2,10,20 A. Rajabi,1 G. Reicherz,19 T. Rostomyan,14 A. Sarty,13 S. Schrauf,2

S. Schumann,2 M. H. Sikora,15 A. Starostin,20 O. Steffen,2 I. I. Strakovsky,10 T. Strub,14 I. Supek,18 M. Thiel,21 L. Tiator,2

A. Thomas,2 M. Unverzagt,2,6 Y. Usov,8 D. P. Watts,15 L. Witthauer,14 D. Werthmüller,14 and M. Wolfes2

(A2 Collaboration at MAMI)

1Department of Physics, University of Massachusetts Amherst, Amherst, Massachusetts 01003, USA
2Institut für Kernphysik, Universität Mainz, D-55099 Mainz, Germany

3Department of Physics, Mount Allison University, Sackville, New Brunswick E4L 1E6, Canada
4Department of Physics, Kent State University, Kent, Ohio 44242, USA

5SUPA School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
6Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn, D-53115 Bonn, Germany

7Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
8Joint Institute for Nuclear Research (JINR), 141980 Dubna, Russia

9INFN Sezione di Pavia, I-27100 Pavia, Italy
10Department of Physics, The George Washington University, Washington, D.C. 20052, USA

11Lebedev Physical Institute, 119991 Moscow, Russia
12Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada

13Department of Astronomy and Physics, Saint Marys University, Halifax, Nova Scotia B3H 3C3, Canada
14Departement Physik, Universität Basel, CH-4056 Basel, Switzerland

15School of Physics, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
16Institute for Nuclear Research, 125047 Moscow, Russia

17Department of Physics, University of Regina, Regina, Saskatchewan S4S 0A2, Canada
18Rudjer Boskovic Institute, HR-10000 Zagreb, Croatia

19Institut für Experimentalphysik, Ruhr-Universität, D-44780 Bochum, Germany
20Department of Physics and Astronomy, University of California Los Angeles, Los Angeles, California 90095-1547, USA

21II. Physikalisches Institut, Universität Giessen, D-35392 Giessen, Germany
(Received 6 August 2014; revised manuscript received 14 January 2015; published 19 March 2015)

The spin polarizabilities of the nucleon describe how the spin of the nucleon responds to an incident
polarized photon. The most model-independent way to extract the nucleon spin polarizabilities is through
polarized Compton scattering. Double-polarized Compton scattering asymmetries on the proton were
measured in the Δð1232Þ region using circularly polarized incident photons and a transversely polarized
proton target at the Mainz Microtron. Fits to asymmetry data were performed using a dispersion model
calculation and a baryon chiral perturbation theory calculation, and a separation of all four proton spin
polarizabilities in the multipole basis was achieved. The analysis based on a dispersion model calculation
yields γE1E1 ¼ −3.5$ 1.2, γM1M1 ¼ 3.16$ 0.85, γE1M2 ¼ −0.7$ 1.2, and γM1E2 ¼ 1.99$ 0.29, in units
of 10−4 fm4.

DOI: 10.1103/PhysRevLett.114.112501 PACS numbers: 25.20.Lj, 13.40.-f, 13.60.Fz, 13.88.+e

Electromagnetic polarizabilities are fundamental proper-
ties of composite systems such as molecules, atoms, nuclei,
and hadrons [1]. Whereas magnetic moments provide
information about the ground-state properties of a system,

polarizabilities provide information about the excited states
of the system. For atomic systems, polarizabilities are of
the order of the atomic volume. For hadrons, polarizabil-
ities are much smaller than the volume, typically of order

PRL 114, 112501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

20 MARCH 2015

0031-9007=15=114(11)=112501(5) 112501-1 © 2015 American Physical Society

CROSS SECTION FOR γ N → π 0N MEASURED AT … PHYSICAL REVIEW C 100, 065205 (2019)

FIG. 1. Set-up of the A2 experiment. CB is a NaI(Tl) calorimeter,
TAPS is a BaF2 calorimeter which was not used for the present mea-
surement, PID is a plastic scintillator detector for particle identifi-
cation, MWPC are two cylindrical multiwire proportional chambers,
target is a liquid deuterium target (see text for details).

Ref. [23]). This last study focuses on neutral pion photopro-
duction off the neutron using a deuteron target.

In the present paper, we report new, precise, γ n → π0n
differential cross sections for E = 290 to 813 MeV in labo-
ratory photon energy, corresponding to center-of-mass (c.m.)
energy range from W = 1.195 to 1.553 GeV. Pion c.m. po-
lar production angles, ranging from θ = 18◦ to 162◦, have
been measured by the A2 Collaboration at MAMI. These
new cross-section data have increased the world γ n → π0n
database below E = 2.7 GeV by a significant amount [5].
Meanwhile, Ref. [22] covers E = 446–1427 MeV and θ =
32◦–162◦.

The organization of this paper is as follows: In Sec. II,
details of the A2 experiment and the A2 detector are given.
Section III outlines the event selection and Sec. IV reviews
the approach for determining the final-state interaction cor-
rections. Section V presents and discusses the measured dif-
ferential cross sections for the reaction γ n → π0n. Section VI
and L + P fit of the multipoles with determination of pole
positions and residues. Finally, Sec. VII provides a summary
of this work and the conclusions.

II. EXPERIMENTAL SETUP

The process γ d → π0np was measured by using the
Crystal Ball (CB) [24] as the central spectrometer (Fig. 1).
Our study shows that there is a marginal contribution from
TAPS for the reaction γ n → π0n below 800 MeV. For that
reason, we did not use TAPS in our analysis. The CB was
installed in the tagged bremsstrahlung photon beam of the
Mainz Microtron (MAMI) [25,26], with the photon energies
determined by the Glasgow tagging spectrometer [27–29].

The CB spectrometer is a sphere consisting of 672 opti-
cally isolated NaI(Tl) crystals, shaped as truncated triangular
pyramids, which point toward the center of the sphere. Each
crystal is 41 cm long, which corresponds to 15.7 radia-
tion lengths. The crystals are arranged in two hemispheres
that cover 93% of 4π sr, sitting outside a central spherical

cavity with a radius of 25 cm, which is designed to hold the
target and inner detectors. The CB calorimeter covers polar
angles from 20◦ to 160◦ with full azimuthal coverage. The
energy resolution for EM showers in the CB can be described
as $E/E = 0.020/(E [GeV])0.36 [24]. Shower directions are
determined with a resolution in θ , the polar angle with respect
to the beam axis, of σθ = 2◦–3◦, under the assumption that the
photons are produced in the center of the CB. The resolution
in the azimuthal angle φ is σθ/ sin θ . That is an intrinsic CB
resolution, while in the experiment, the angular resolution in
θ is mainly defined by the target length. The CB calorimeter
is well suited for detection of both charged particles and γ
quanta. Simultaneously, the CB can be used to detect neutrons
in a wide range of energies [30,31].

The Mainz Microtron (MAMI) is a four-stage accelera-
tor, and its latest addition (the fourth stage) is a harmonic
double-sided electron accelerator [26]. In this experiment,
only the first three accelerator stages were used to produce an
883 MeV electron beam. Bremsstrahlung photons, produced
by electrons in a 10 µm Cu radiator and collimated by a
4-mm-diameter Pb collimator, were incident on a 10-cm-long,
4-cm-diameter liquid deuterium target (LD2) located in the
center of the CB. The energies of the incident photons were
analyzed up to 813 MeV by detecting the postbremsstrahlung
electrons in the Glasgow tagger [27–29].

The tagger is a broad-momentum-band, magnetic-dipole
spectrometer that focuses postbremsstrahlung electrons onto a
focal-plane detector, consisting of 352 half-overlapping plas-
tic scintillators. The energy resolution of the tagged photons,
which is about ±1 MeV, is largely defined by the overlap
region of two adjacent scintillation counters (a tagger channel)
and the electron-beam energy used [29]. For a beam energy of
883 MeV, a tagger channel has a width of about 2 MeV for
a photon energy 707 MeV [29]. Tagged photons are selected
in the analysis by examining the correlation in time between a
tagger channel and the experimental trigger derived from CB
signals.

The LD2 target is surrounded by a particle identification
detector (PID) [32], which is a cylinder of length 50 cm and
diameter 12 cm, built from 24 identical plastic scintillator
segments, of thickness 0.4 cm. Outside the PID, there are two
multiwire proportional chambers (MWPCs) which measure
the three-dimensional coordinates of a charged track.

The experimental trigger had one main requirement—the
sum of the pulse amplitudes from the CB crystals had to
exceed a hardware threshold that corresponded to an energy
deposit larger than 40 MeV. To select the reaction γ n → π0n,
we require that the final π0 and neutron be detected by the CB.
In this case, the number of clusters which fire, i.e., groups of
adjacent crystals in which energy is deposited by a particle’s
interaction with the calorimeter, is equal to three.

To provide a check on the performance of the CB detector,
and to evaluate the efficiency of the trigger, a comparison
of the total measured cross section, after the empty-target
background was subtracted, was made with the previously
published total photoabsorption cross section measured by the
DAPHNE experiment at MAMI [33,34]. This comparison is
shown in Fig. 2 for photon energies from 180 to 820 MeV.
In the $(1232) region, the new and previous data are in
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background on the asymmetry was studied by integrating
the spectrum in Fig. 2 to various upper limits. Integrating
to final values up to 940 MeV resulted in asymmetries
consistent within uncertainties, while integrating to increas-
ingly higher values resulted in asymmetries that varied
outside of uncertainties from lower limit integrations. For
this reason a relatively conservative integration limit of
940 MeV was used in this analysis. Further details of this
analysis can be found in Ref. [24]
For a given incoming photon energy Eγ, Compton

scattering polar angle θc, and azimuthal angle ϕc relative
to the target polarization direction, the asymmetry Σ2x is
defined by

Σ2xðEγ; θcÞ ¼ ½PTPγðEγÞ cosðϕcÞ%−1

×
!
NRðEγ; θc;ϕcÞ − NLðEγ; θc;ϕcÞ
NRðEγ; θc;ϕcÞ þ NLðEγ; θc;ϕcÞ

"
; ð3Þ

where PT is the target polarization, Pγ is the beam
polarization, and NR (NL) are the counts in the specified
bin with a right (left) helicity beam.
The measured asymmetries are plotted in Fig. 3. In

addition to statistical uncertainties, the systematic uncer-
tainties from both beam and target polarizations are
incorporated in the error bars shown, though at worst they
are only 9% of the total uncertainty. Systematic uncertainty
from the carbon background subtraction was estimated by
varying the carbon background ratio by '20% from the
expected value. The effect on the asymmetries was neg-
ligible, at worst about 10% of the total uncertainty, and this
systematic uncertainty is not included in the error bars
shown in Fig. 3. The curves are from a dispersion theory
calculation [11] for values of γE1E1 ranging from −6.3 to
−2.3, but with γM1M1 fixed at the HDPV value from Table I
of 2.9 [10,15]. The width of each band represents the

propagated errors using α ¼ 12.16' 0.58 and β ¼
1.66' 0.69, as well as γ0 and γπ from Table I, combined
in quadrature. The curves graphically demonstrate the
sensitivity of the asymmetries to γE1E1, showing a preferred
solution of γE1E1 ≈ −4.3' 1.5. A similar analysis holding
γE1E1 ¼ −4.3 fixed and allowing γM1M1 to vary shows that
the asymmetries are insensitive to γM1M1.
The double-asymmetry data from this measurement, and

published results [25] for the single-polarization asymmetry
with linearly polarized photons Σ3, were fitted with a
dispersion model calculation [11] and a baryon chiral
perturbation theory (BχPT) calculation [26]. Only asymme-
try points obtained by the LEGS Collaboration below
double-pion photoproduction threshold were used in this
analysis. The BχPT calculation includes pion, nucleon, and
Δð1232Þ degrees of freedom at next-to-next-to-leading order
[26]. α, β, γE1E1, γM1M1, γ0, and γπ were fitted to the
asymmetry data sets, and to the known constraints on αþ β,
α − β, γ0, and γπ. The constraint on αþ β is given by the
Baldin sum rule, αþ β ¼ 13.8' 0.4 [27], and the con-
straint of α − β ¼ 7.6' 0.9 is taken from the analysis of
Grießhammer et al. [28].
Table II shows results from data fitting. The first column

gives the data set used for fitting, the second column gives
the model used, and the third and fourth columns show the
results for γE1E1 and γM1M1. The first row shows results from
fitting only the Σ2x data from this work. The result for γE1E1
is in good agreement with the expectation from the graphical
analysis shown in Fig. 3, and the Σ2x data alone have little
sensitivity to γM1M1. The second row shows results from
fitting only Σ3 [25]. Within uncertainties, the results for
γE1E1 from fitting Σ2x and Σ3 data separately are in
approximate agreement. The third row shows the results
from the combined fit of Σ2x and Σ3 using the dispersion
model [11], and the fourth row shows the combined fit of Σ2x
and Σ3 using the BχPT calculation [26]. Within uncertain-
ties, the results for γE1E1 and γM1M1 from the two models are
also in agreement. This indicates that the model dependence
of the polarizability fitting is comparable to, or smaller than,
the statistical errors from data fitting.
Results for all four spin polarizabilities obtained from the

combined fit of Σ2x and Σ3 using the dispersion model
calculation are presented in the last column in Table I, along
with previous results for γ0 and γπ . γE1M2 and γM1E2 were
extracted using the linear relationships of γ0 and γπ .
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FIG. 3 (color online). Σ2x for Eγ ¼ 273–303 MeV. The curves
are from a dispersion theory calculation [11] with α, β, γ0, and γπ
held fixed at their experimental values, and γM1M1 fixed at 2.9.
From bottom to top, the green, blue, brown, red, and magenta
bands are for γE1E1 equal to −6.3, −5.3, −4.3, −3.3, and −2.3,
respectively. The width of each band represents the propagated
errors from α, β, γ0, and γπ combined in quadrature.

TABLE II. Results from fitting Σ2x (this work) and Σ3 [25] data
using either a dispersion model calculation (Disp) [11] or a BχPT
calculation [26].

Data fit Model γE1E1 γM1M1

Σ2x Disp −4.6' 1.6 −7' 11
Σ3 Disp −1.4' 1.7 3.20' 0.85
Σ2x and Σ3 Disp −3.5' 1.2 3.16' 0.85
Σ2x and Σ3 BχPT −2.6' 0.8 2.7' 0.5
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background on the asymmetry was studied by integrating
the spectrum in Fig. 2 to various upper limits. Integrating
to final values up to 940 MeV resulted in asymmetries
consistent within uncertainties, while integrating to increas-
ingly higher values resulted in asymmetries that varied
outside of uncertainties from lower limit integrations. For
this reason a relatively conservative integration limit of
940 MeV was used in this analysis. Further details of this
analysis can be found in Ref. [24]
For a given incoming photon energy Eγ, Compton

scattering polar angle θc, and azimuthal angle ϕc relative
to the target polarization direction, the asymmetry Σ2x is
defined by
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where PT is the target polarization, Pγ is the beam
polarization, and NR (NL) are the counts in the specified
bin with a right (left) helicity beam.
The measured asymmetries are plotted in Fig. 3. In

addition to statistical uncertainties, the systematic uncer-
tainties from both beam and target polarizations are
incorporated in the error bars shown, though at worst they
are only 9% of the total uncertainty. Systematic uncertainty
from the carbon background subtraction was estimated by
varying the carbon background ratio by '20% from the
expected value. The effect on the asymmetries was neg-
ligible, at worst about 10% of the total uncertainty, and this
systematic uncertainty is not included in the error bars
shown in Fig. 3. The curves are from a dispersion theory
calculation [11] for values of γE1E1 ranging from −6.3 to
−2.3, but with γM1M1 fixed at the HDPV value from Table I
of 2.9 [10,15]. The width of each band represents the

propagated errors using α ¼ 12.16' 0.58 and β ¼
1.66' 0.69, as well as γ0 and γπ from Table I, combined
in quadrature. The curves graphically demonstrate the
sensitivity of the asymmetries to γE1E1, showing a preferred
solution of γE1E1 ≈ −4.3' 1.5. A similar analysis holding
γE1E1 ¼ −4.3 fixed and allowing γM1M1 to vary shows that
the asymmetries are insensitive to γM1M1.
The double-asymmetry data from this measurement, and

published results [25] for the single-polarization asymmetry
with linearly polarized photons Σ3, were fitted with a
dispersion model calculation [11] and a baryon chiral
perturbation theory (BχPT) calculation [26]. Only asymme-
try points obtained by the LEGS Collaboration below
double-pion photoproduction threshold were used in this
analysis. The BχPT calculation includes pion, nucleon, and
Δð1232Þ degrees of freedom at next-to-next-to-leading order
[26]. α, β, γE1E1, γM1M1, γ0, and γπ were fitted to the
asymmetry data sets, and to the known constraints on αþ β,
α − β, γ0, and γπ. The constraint on αþ β is given by the
Baldin sum rule, αþ β ¼ 13.8' 0.4 [27], and the con-
straint of α − β ¼ 7.6' 0.9 is taken from the analysis of
Grießhammer et al. [28].
Table II shows results from data fitting. The first column

gives the data set used for fitting, the second column gives
the model used, and the third and fourth columns show the
results for γE1E1 and γM1M1. The first row shows results from
fitting only the Σ2x data from this work. The result for γE1E1
is in good agreement with the expectation from the graphical
analysis shown in Fig. 3, and the Σ2x data alone have little
sensitivity to γM1M1. The second row shows results from
fitting only Σ3 [25]. Within uncertainties, the results for
γE1E1 from fitting Σ2x and Σ3 data separately are in
approximate agreement. The third row shows the results
from the combined fit of Σ2x and Σ3 using the dispersion
model [11], and the fourth row shows the combined fit of Σ2x
and Σ3 using the BχPT calculation [26]. Within uncertain-
ties, the results for γE1E1 and γM1M1 from the two models are
also in agreement. This indicates that the model dependence
of the polarizability fitting is comparable to, or smaller than,
the statistical errors from data fitting.
Results for all four spin polarizabilities obtained from the

combined fit of Σ2x and Σ3 using the dispersion model
calculation are presented in the last column in Table I, along
with previous results for γ0 and γπ . γE1M2 and γM1E2 were
extracted using the linear relationships of γ0 and γπ .
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using either a dispersion model calculation (Disp) [11] or a BχPT
calculation [26].
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FIG. 1. Set-up of the A2 experiment. CB is a NaI(Tl) calorimeter,
TAPS is a BaF2 calorimeter which was not used for the present mea-
surement, PID is a plastic scintillator detector for particle identifi-
cation, MWPC are two cylindrical multiwire proportional chambers,
target is a liquid deuterium target (see text for details).

Ref. [23]). This last study focuses on neutral pion photopro-
duction off the neutron using a deuteron target.

In the present paper, we report new, precise, γ n → π0n
differential cross sections for E = 290 to 813 MeV in labo-
ratory photon energy, corresponding to center-of-mass (c.m.)
energy range from W = 1.195 to 1.553 GeV. Pion c.m. po-
lar production angles, ranging from θ = 18◦ to 162◦, have
been measured by the A2 Collaboration at MAMI. These
new cross-section data have increased the world γ n → π0n
database below E = 2.7 GeV by a significant amount [5].
Meanwhile, Ref. [22] covers E = 446–1427 MeV and θ =
32◦–162◦.

The organization of this paper is as follows: In Sec. II,
details of the A2 experiment and the A2 detector are given.
Section III outlines the event selection and Sec. IV reviews
the approach for determining the final-state interaction cor-
rections. Section V presents and discusses the measured dif-
ferential cross sections for the reaction γ n → π0n. Section VI
and L + P fit of the multipoles with determination of pole
positions and residues. Finally, Sec. VII provides a summary
of this work and the conclusions.

II. EXPERIMENTAL SETUP

The process γ d → π0np was measured by using the
Crystal Ball (CB) [24] as the central spectrometer (Fig. 1).
Our study shows that there is a marginal contribution from
TAPS for the reaction γ n → π0n below 800 MeV. For that
reason, we did not use TAPS in our analysis. The CB was
installed in the tagged bremsstrahlung photon beam of the
Mainz Microtron (MAMI) [25,26], with the photon energies
determined by the Glasgow tagging spectrometer [27–29].

The CB spectrometer is a sphere consisting of 672 opti-
cally isolated NaI(Tl) crystals, shaped as truncated triangular
pyramids, which point toward the center of the sphere. Each
crystal is 41 cm long, which corresponds to 15.7 radia-
tion lengths. The crystals are arranged in two hemispheres
that cover 93% of 4π sr, sitting outside a central spherical

cavity with a radius of 25 cm, which is designed to hold the
target and inner detectors. The CB calorimeter covers polar
angles from 20◦ to 160◦ with full azimuthal coverage. The
energy resolution for EM showers in the CB can be described
as $E/E = 0.020/(E [GeV])0.36 [24]. Shower directions are
determined with a resolution in θ , the polar angle with respect
to the beam axis, of σθ = 2◦–3◦, under the assumption that the
photons are produced in the center of the CB. The resolution
in the azimuthal angle φ is σθ/ sin θ . That is an intrinsic CB
resolution, while in the experiment, the angular resolution in
θ is mainly defined by the target length. The CB calorimeter
is well suited for detection of both charged particles and γ
quanta. Simultaneously, the CB can be used to detect neutrons
in a wide range of energies [30,31].

The Mainz Microtron (MAMI) is a four-stage accelera-
tor, and its latest addition (the fourth stage) is a harmonic
double-sided electron accelerator [26]. In this experiment,
only the first three accelerator stages were used to produce an
883 MeV electron beam. Bremsstrahlung photons, produced
by electrons in a 10 µm Cu radiator and collimated by a
4-mm-diameter Pb collimator, were incident on a 10-cm-long,
4-cm-diameter liquid deuterium target (LD2) located in the
center of the CB. The energies of the incident photons were
analyzed up to 813 MeV by detecting the postbremsstrahlung
electrons in the Glasgow tagger [27–29].

The tagger is a broad-momentum-band, magnetic-dipole
spectrometer that focuses postbremsstrahlung electrons onto a
focal-plane detector, consisting of 352 half-overlapping plas-
tic scintillators. The energy resolution of the tagged photons,
which is about ±1 MeV, is largely defined by the overlap
region of two adjacent scintillation counters (a tagger channel)
and the electron-beam energy used [29]. For a beam energy of
883 MeV, a tagger channel has a width of about 2 MeV for
a photon energy 707 MeV [29]. Tagged photons are selected
in the analysis by examining the correlation in time between a
tagger channel and the experimental trigger derived from CB
signals.

The LD2 target is surrounded by a particle identification
detector (PID) [32], which is a cylinder of length 50 cm and
diameter 12 cm, built from 24 identical plastic scintillator
segments, of thickness 0.4 cm. Outside the PID, there are two
multiwire proportional chambers (MWPCs) which measure
the three-dimensional coordinates of a charged track.

The experimental trigger had one main requirement—the
sum of the pulse amplitudes from the CB crystals had to
exceed a hardware threshold that corresponded to an energy
deposit larger than 40 MeV. To select the reaction γ n → π0n,
we require that the final π0 and neutron be detected by the CB.
In this case, the number of clusters which fire, i.e., groups of
adjacent crystals in which energy is deposited by a particle’s
interaction with the calorimeter, is equal to three.

To provide a check on the performance of the CB detector,
and to evaluate the efficiency of the trigger, a comparison
of the total measured cross section, after the empty-target
background was subtracted, was made with the previously
published total photoabsorption cross section measured by the
DAPHNE experiment at MAMI [33,34]. This comparison is
shown in Fig. 2 for photon energies from 180 to 820 MeV.
In the $(1232) region, the new and previous data are in
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FIG. 4. Compton !2z for Eγ = 265–285 MeV (a) and Eγ =
285–305 MeV (b). The red point is the value for !2z at 0◦, plotted at
5◦ for readability, as determined by dispersive sum rules [21,22]. The
curves are from the HDPV dispersion theory calculation of Pasquini
et al., [2,23,24], where γE− [27] is fixed at −3.5 × 10−4 fm4 and
γM− [27] is set at −0.5, 1.5, or 3.5 × 10−4 fm4, in the green, red,
or blue bands, respectively. The width of each band represents the
other parameters, γ0, γπ , αE1 + βM1, and αE1 − βM1 varying within
their experimental errors. The error bars shown are point-to-point
statistical plus random systematic errors added in quadrature. The
correlated systematic uncertainties are shown as a separate block
above the horizontal axis for each Compton angle.

various values of the scalar and spin polarizabilities. Predic-
tions within baryon chiral perturbation theory (BχPT) [25]
and heavy baryon chiral perturbation theory (HBχPT) [26,27]
are also available, but are not shown in Fig. 4 to preserve
readability. The code used nominal values for the scalar polar-
izabilities of αE1 + βM1 = 13.8 ± 0.4 (Baldin sum rule) [28]
and αE1 − βM1 = 8.7 ± 0.7 (in units of 10−4 fm3) [29], and
for the SPs of γ0 = −0.929 ± 0.105 [21,22] and γπ = 8 ± 1.8
(in units of 10−4 fm4) [5]. It should be noted that the value
for αE1 − βM1 was chosen as the current PDG numbers [29],
despite the debate regarding them [30,31], as the focus of this
study is on the spin polarizabilities. It should also be noted that
this value for γπ does not include the π0-pole component, set
as −46.7 × 10−4 fm4 [31] in all of these studies.

Though γ0 and γπ can form a basis of the SPs with γE1E1
and γM1M1, they can alternatively form an orthogonal basis
with γE− = γE1E1 − γE1M2 and γM− = γM1M1 − γM1E2 [27].

TABLE II. Polarizabilities in 10−4 fm4 from fitting !2z, !2x , and
!LEGS

3 asymmetries using either a HDPV [2,23,24] or a BχPT [25]
calculation, and weighted average of the SPs.

!2z, !2x , and !LEGS
3 data fits

HDPV BχPT Weighted average

γE1E1 −3.18 ± 0.52 −2.65 ± 0.43 −2.87 ± 0.52
γM1M1 2.98 ± 0.43 2.43 ± 0.42 2.70 ± 0.43
γE1M2 −0.44 ± 0.67 −1.32 ± 0.72 −0.85 ± 0.72
γM1E2 1.58 ± 0.43 2.47 ± 0.42 2.04 ± 0.43
χ 2/dof 1.14 1.36

In Fig. 4, γE− was fixed at −3.5 × 10−4 fm4 and γM− was
set at −0.5, 1.5, or 3.5 in the same units. The various bands
represent the different values for γM−, while the spread of
each band is a result of allowing γ0, γπ , αE1 + βM1, and
αE1 − βM1, to vary by their experimental errors. It is clear

FIG. 5. Compton !2z for Eγ = 265–285 MeV (a) and Eγ =
285–305 MeV (b). The red point is the value for !2z at 0◦, plotted at
5◦ for readability, as determined by dispersive sum rules [21,22]. The
green, red, and blue curves are from HDPV [2,23,24], BχPT [25], and
HBχPT [26,27] calculations, respectively. For each, the central curve
uses the weighted average values from Table II, and the width of
each band represents the parameters varying within the errors quoted
in the same table. The error bars shown are point-to-point statistical
plus random systematic errors added in quadrature. The correlated
systematic uncertainties are shown as a separate block above the
horizontal axis for each Compton angle.
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FIG. 4. Compton !2z for Eγ = 265–285 MeV (a) and Eγ =
285–305 MeV (b). The red point is the value for !2z at 0◦, plotted at
5◦ for readability, as determined by dispersive sum rules [21,22]. The
curves are from the HDPV dispersion theory calculation of Pasquini
et al., [2,23,24], where γE− [27] is fixed at −3.5 × 10−4 fm4 and
γM− [27] is set at −0.5, 1.5, or 3.5 × 10−4 fm4, in the green, red,
or blue bands, respectively. The width of each band represents the
other parameters, γ0, γπ , αE1 + βM1, and αE1 − βM1 varying within
their experimental errors. The error bars shown are point-to-point
statistical plus random systematic errors added in quadrature. The
correlated systematic uncertainties are shown as a separate block
above the horizontal axis for each Compton angle.

various values of the scalar and spin polarizabilities. Predic-
tions within baryon chiral perturbation theory (BχPT) [25]
and heavy baryon chiral perturbation theory (HBχPT) [26,27]
are also available, but are not shown in Fig. 4 to preserve
readability. The code used nominal values for the scalar polar-
izabilities of αE1 + βM1 = 13.8 ± 0.4 (Baldin sum rule) [28]
and αE1 − βM1 = 8.7 ± 0.7 (in units of 10−4 fm3) [29], and
for the SPs of γ0 = −0.929 ± 0.105 [21,22] and γπ = 8 ± 1.8
(in units of 10−4 fm4) [5]. It should be noted that the value
for αE1 − βM1 was chosen as the current PDG numbers [29],
despite the debate regarding them [30,31], as the focus of this
study is on the spin polarizabilities. It should also be noted that
this value for γπ does not include the π0-pole component, set
as −46.7 × 10−4 fm4 [31] in all of these studies.

Though γ0 and γπ can form a basis of the SPs with γE1E1
and γM1M1, they can alternatively form an orthogonal basis
with γE− = γE1E1 − γE1M2 and γM− = γM1M1 − γM1E2 [27].

TABLE II. Polarizabilities in 10−4 fm4 from fitting !2z, !2x , and
!LEGS

3 asymmetries using either a HDPV [2,23,24] or a BχPT [25]
calculation, and weighted average of the SPs.

!2z, !2x , and !LEGS
3 data fits

HDPV BχPT Weighted average

γE1E1 −3.18 ± 0.52 −2.65 ± 0.43 −2.87 ± 0.52
γM1M1 2.98 ± 0.43 2.43 ± 0.42 2.70 ± 0.43
γE1M2 −0.44 ± 0.67 −1.32 ± 0.72 −0.85 ± 0.72
γM1E2 1.58 ± 0.43 2.47 ± 0.42 2.04 ± 0.43
χ 2/dof 1.14 1.36

In Fig. 4, γE− was fixed at −3.5 × 10−4 fm4 and γM− was
set at −0.5, 1.5, or 3.5 in the same units. The various bands
represent the different values for γM−, while the spread of
each band is a result of allowing γ0, γπ , αE1 + βM1, and
αE1 − βM1, to vary by their experimental errors. It is clear

FIG. 5. Compton !2z for Eγ = 265–285 MeV (a) and Eγ =
285–305 MeV (b). The red point is the value for !2z at 0◦, plotted at
5◦ for readability, as determined by dispersive sum rules [21,22]. The
green, red, and blue curves are from HDPV [2,23,24], BχPT [25], and
HBχPT [26,27] calculations, respectively. For each, the central curve
uses the weighted average values from Table II, and the width of
each band represents the parameters varying within the errors quoted
in the same table. The error bars shown are point-to-point statistical
plus random systematic errors added in quadrature. The correlated
systematic uncertainties are shown as a separate block above the
horizontal axis for each Compton angle.
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Differential cross sections for Compton scattering from the proton have been measured at scattering
angles of 55°, 90°, and 125° in the laboratory frame using quasimonoenergetic linearly (circularly)
polarized photon beams with a weighted mean energy value of 83.4 MeV (81.3 MeV). These
measurements were performed at the High Intensity Gamma-Ray Source facility at the Triangle
Universities Nuclear Laboratory. The results are compared to previous measurements and are interpreted
in the chiral effective field theory framework to extract the electromagnetic dipole polarizabilities of the
proton, which gives αpE1 ¼ 13.8" 1.2stat " 0.1BSR " 0.3theo; β

p
M1 ¼ 0.2 ∓ 1.2stat " 0.1BSR ∓ 0.3theo in

units of 10−4 fm3.

DOI: 10.1103/PhysRevLett.128.132502

The static electric and magnetic dipole polarizabilities of
the proton αpE1 and βpM1, respectively, reveal the internal
dynamics of the proton. They parametrize the response of
the proton’s internal degrees of freedom to an external
electromagnetic field. Considerable efforts have been taken
to study the proton polarizabilities both experimentally and
theoretically [1–3]. In addition, βpM1 has been shown to be a
crucial input in the determination of the two-photon-
exchange contribution to the Lamb shift in muonic hydro-
gen [4]. For the nucleon in general, the isovector difference
βp − βn has been connected to the nucleon electromagnetic
mass difference, most recently in Refs. [5,6]. The calcu-
lation of nucleon polarizabilities is also an aim of lattice
QCD, and several groups now have published results, albeit
almost all at large pion masses; see Ref. [7] and references
therein.
Compton scattering has proven to be a powerful tool to

probe the proton polarizabilities. At incident photon ener-
gies far below the pion-production threshold, Compton
scattering from the proton can be described as the elastic
scattering of the photon from a pointlike charged particle
with an anomalous magnetic moment. As the photon

energy increases, the effect of the electromagnetic polar-
izabilities as the leading-order structure-dependent contri-
bution to the Compton scattering cross section becomes
more significant. Compton scattering experiments below
the pion-production threshold using liquid hydrogen tar-
gets, and tagged or untagged bremsstrahlung photon beams
have been performed at several gamma-ray source facilities
in the last three decades. The Compton scattering cross
sections on the proton have been extracted with signifi-
cantly improved precision. To determine αpE1 and β

p
M1 from

Compton scattering, rigorous theoretical calculations are
needed to fully describe the process. Chiral effective field
theory (χEFT) has proven to be successful in interpreting
Compton scattering data in terms of low-energy degrees of
freedom [2]. Currently, the best determination of the Baldin
sum rule (BSR) provides the constraint [8]

αpE1 þ βpM1 ¼ 14.0" 0.2; ð1Þ

where the polarizabilities are given here and throughout this
Letter in units of 10−4 fm3. Applying this sum-rule con-
straint, the latest χEFT fit to the global database of proton
Compton scattering below 200 MeV gives [9,10]
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Differential cross sections for Compton scattering from the proton have been measured at scattering
angles of 55°, 90°, and 125° in the laboratory frame using quasimonoenergetic linearly (circularly)
polarized photon beams with a weighted mean energy value of 83.4 MeV (81.3 MeV). These
measurements were performed at the High Intensity Gamma-Ray Source facility at the Triangle
Universities Nuclear Laboratory. The results are compared to previous measurements and are interpreted
in the chiral effective field theory framework to extract the electromagnetic dipole polarizabilities of the
proton, which gives αpE1 ¼ 13.8" 1.2stat " 0.1BSR " 0.3theo; β

p
M1 ¼ 0.2 ∓ 1.2stat " 0.1BSR ∓ 0.3theo in

units of 10−4 fm3.

DOI: 10.1103/PhysRevLett.128.132502

The static electric and magnetic dipole polarizabilities of
the proton αpE1 and βpM1, respectively, reveal the internal
dynamics of the proton. They parametrize the response of
the proton’s internal degrees of freedom to an external
electromagnetic field. Considerable efforts have been taken
to study the proton polarizabilities both experimentally and
theoretically [1–3]. In addition, βpM1 has been shown to be a
crucial input in the determination of the two-photon-
exchange contribution to the Lamb shift in muonic hydro-
gen [4]. For the nucleon in general, the isovector difference
βp − βn has been connected to the nucleon electromagnetic
mass difference, most recently in Refs. [5,6]. The calcu-
lation of nucleon polarizabilities is also an aim of lattice
QCD, and several groups now have published results, albeit
almost all at large pion masses; see Ref. [7] and references
therein.
Compton scattering has proven to be a powerful tool to

probe the proton polarizabilities. At incident photon ener-
gies far below the pion-production threshold, Compton
scattering from the proton can be described as the elastic
scattering of the photon from a pointlike charged particle
with an anomalous magnetic moment. As the photon

energy increases, the effect of the electromagnetic polar-
izabilities as the leading-order structure-dependent contri-
bution to the Compton scattering cross section becomes
more significant. Compton scattering experiments below
the pion-production threshold using liquid hydrogen tar-
gets, and tagged or untagged bremsstrahlung photon beams
have been performed at several gamma-ray source facilities
in the last three decades. The Compton scattering cross
sections on the proton have been extracted with signifi-
cantly improved precision. To determine αpE1 and β

p
M1 from

Compton scattering, rigorous theoretical calculations are
needed to fully describe the process. Chiral effective field
theory (χEFT) has proven to be successful in interpreting
Compton scattering data in terms of low-energy degrees of
freedom [2]. Currently, the best determination of the Baldin
sum rule (BSR) provides the constraint [8]

αpE1 þ βpM1 ¼ 14.0" 0.2; ð1Þ

where the polarizabilities are given here and throughout this
Letter in units of 10−4 fm3. Applying this sum-rule con-
straint, the latest χEFT fit to the global database of proton
Compton scattering below 200 MeV gives [9,10]
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quadrature to obtain the total point-to-point systematic
uncertainty for each data point ranging from 4.5% to
13.8%. The normalization uncertainties included the uncer-
tainties from the number of incident photons (2%) and the
target thickness (1%).
The extracted differential cross sections for circularly

and linearly polarized photon beams are listed in Table I
and plotted in Fig. 2. Note that the Compton cross section is
insensitive to the circular polarization of the photon beam
for an unpolarized target, the results of the present work
using the circularly polarized beam are compared to the
cross sections obtained using unpolarized tagged photon
beams from the Saskatchewan Accelerator Laboratory
(SAL) at an incident photon energy of 81.8 MeV [24]
and theMainzMicrotron (MAMI) facility at 79.2 MeV [11]
in Fig. 2, which shows a good agreement. Given that the
linear polarization direction of the incident photon beam
was horizontal in the plane of ϕ ¼ 0°=180°, the in-plane
(out-of-plane) detectors were at azimuthal angles ϕ ¼ 0° or
180° (ϕ ¼ 270°). The photon beam asymmetry Σ3 is
defined as

Σ3 ¼
σk − σ⊥
σk þ σ⊥

; ð4Þ

where σk (σ⊥) is the in-plane (out-of-plane) differential
cross section. The Σ3 values at θ ¼ 55°, 90°, and 125°
were determined from the measured differential cross
sections listed in Table I where σk at θ ¼ 90° and 125°
were assigned the weighted average of cross sections at
ϕ ¼ 0° and 180°. In Fig. 3, the Σ3 results from HIGS are
compared to those from MAMI [25], which shows a good
agreement.
The cross sections obtained in this work were fitted using

heavy-baryon chiral perturbation theory [9] with and
without the BSR constraint to extract the proton polar-
izabilities. The beam profiles were used to generate energy-
weighted predictions for the cross sections. For the 16
HIGS data points of Fig. 2, the point-to-point systematic
and statistical uncertainties were added in quadrature, while
the normalizations of the circularly and linearly polarized
beams were allowed to float independently. However, a
single-energy fit without floating normalizations gives
negligibly different results.
With the BSR constraint Eq. (1), 16 data points were

fitted with three parameters (one is β and the other two are
the normalization factors), which gives

αpE1 ¼ 13.8% 1.2stat % 0.1BSR % 0.3theo;

βpM1 ¼ 0.2 ∓ 1.2stat % 0.1BSR ∓ 0.3theo; ð5Þ

with χ2 ¼ 14.7 for 13 degrees of freedom. The statistical
errors here and in Eq. (6) were obtained from the χ2min þ 1
intervals. 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 performed on the 16 data
points by varying both polarizabilities, which leads to

αpE1 ¼ 15.4% 1.8stat;

βpM1 ¼ 2.1% 2.0stat; ð6Þ
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FIG. 2. Differential cross section results extracted from the
present experiment (closed triangles, crosses, and circles) com-
pared to the results from SAL (open triangles; note that the data
point at θlab ¼ 90° is plotted with a slight offset in θlab for better
viewing) [24] and MAMI (open squares) [11]. The HIGS results
in the upper (lower) panel were obtained using the circularly
(linearly) polarized gamma-ray beam at 81.3 MeV (83.4 MeV).
The error bars shown are the statistical and point-to-point
systematic uncertainties added in quadrature. The curves with
1σ error bands are the theoretical cross sections implied by our
measured polarizabilities using the χEFT framework.
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FIG. 3. Σ3 obtained in the present experiment (circles) com-
pared to the results from MAMI (diamonds) [25]. The error bars
include statistical and point-to-point systematic uncertainties
only. The curve with the 1σ error band is the theoretical Σ3

implied by our measured polarizabilities using the χEFT frame-
work. (Note that we did not fit to Σ3 but to the individual cross
sections.).
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tainties from the number of incident photons (2%) and the
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insensitive to the circular polarization of the photon beam
for an unpolarized target, the results of the present work
using the circularly polarized beam are compared to the
cross sections obtained using unpolarized tagged photon
beams from the Saskatchewan Accelerator Laboratory
(SAL) at an incident photon energy of 81.8 MeV [24]
and theMainzMicrotron (MAMI) facility at 79.2 MeV [11]
in Fig. 2, which shows a good agreement. Given that the
linear polarization direction of the incident photon beam
was horizontal in the plane of ϕ ¼ 0°=180°, the in-plane
(out-of-plane) detectors were at azimuthal angles ϕ ¼ 0° or
180° (ϕ ¼ 270°). The photon beam asymmetry Σ3 is
defined as

Σ3 ¼
σk − σ⊥
σk þ σ⊥

; ð4Þ

where σk (σ⊥) is the in-plane (out-of-plane) differential
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were determined from the measured differential cross
sections listed in Table I where σk at θ ¼ 90° and 125°
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compared to those from MAMI [25], which shows a good
agreement.
The cross sections obtained in this work were fitted using

heavy-baryon chiral perturbation theory [9] with and
without the BSR constraint to extract the proton polar-
izabilities. The beam profiles were used to generate energy-
weighted predictions for the cross sections. For the 16
HIGS data points of Fig. 2, the point-to-point systematic
and statistical uncertainties were added in quadrature, while
the normalizations of the circularly and linearly polarized
beams were allowed to float independently. However, a
single-energy fit without floating normalizations gives
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With the BSR constraint Eq. (1), 16 data points were
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the normalization factors), which gives
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with χ2 ¼ 14.7 for 13 degrees of freedom. The statistical
errors here and in Eq. (6) were obtained from the χ2min þ 1
intervals. 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
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FIG. 2. Differential cross section results extracted from the
present experiment (closed triangles, crosses, and circles) com-
pared to the results from SAL (open triangles; note that the data
point at θlab ¼ 90° is plotted with a slight offset in θlab for better
viewing) [24] and MAMI (open squares) [11]. The HIGS results
in the upper (lower) panel were obtained using the circularly
(linearly) polarized gamma-ray beam at 81.3 MeV (83.4 MeV).
The error bars shown are the statistical and point-to-point
systematic uncertainties added in quadrature. The curves with
1σ error bands are the theoretical cross sections implied by our
measured polarizabilities using the χEFT framework.
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quadrature to obtain the total point-to-point systematic
uncertainty for each data point ranging from 4.5% to
13.8%. The normalization uncertainties included the uncer-
tainties from the number of incident photons (2%) and the
target thickness (1%).
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izabilities. The beam profiles were used to generate energy-
weighted predictions for the cross sections. For the 16
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and statistical uncertainties were added in quadrature, while
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beams were allowed to float independently. However, a
single-energy fit without floating normalizations gives
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fitted with three parameters (one is β and the other two are
the normalization factors), which gives
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βpM1 ¼ 0.2 ∓ 1.2stat % 0.1BSR ∓ 0.3theo; ð5Þ
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errors here and in Eq. (6) were obtained from the χ2min þ 1
intervals. An estimate of the theoretical uncertainties
follows the method of the convergence study in
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viewing) [24] and MAMI (open squares) [11]. The HIGS results
in the upper (lower) panel were obtained using the circularly
(linearly) polarized gamma-ray beam at 81.3 MeV (83.4 MeV).
The error bars shown are the statistical and point-to-point
systematic uncertainties added in quadrature. The curves with
1σ error bands are the theoretical cross sections implied by our
measured polarizabilities using the χEFT framework.
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COMPTON SCATTERING FROM 4He AT THE TUNL … PHYSICAL REVIEW C 101, 034618 (2020)

FIG. 1. Schematic of the experimental apparatus showing the
layout of the cryogenic target and the array of NaI(Tl) detectors.
The photon beam is incident from the lower left side of the figure.
The target cell is contained inside the aluminum vacuum can.

angle of each detector. The effective solid angle accounts
for the geometric effects due to the extended target and the
finite acceptance of the detectors, as well as the attenuation of
scattered photons in the target cell and the cryostat. With the
front faces of the detector collimator apertures placed about
58 cm from the target center, the simulated effective solid
angles ranged from 63.4 to 66.9 msr.

III. DATA ANALYSIS

Figure 2 illustrates the simplified flow chart of the data
acquisition system for this experiment. One copy of the core

FIG. 2. Simplified diagram of the data acquisition system.
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FIG. 3. 2D spectrum showing energy deposition in the shield
detector versus energy deposition in the core detector. An apparent
gap around the dashed line is observed between the cosmic-ray
events (above the dashed line) and the Compton-scattering events
(below the dashed line). The shield energy cut is placed at the dashed
line.

signal was recorded by the digitizer, while a second copy was
used to generate the trigger for the data acquisition system.
After passing a hardware threshold of about 10 MeV, which
was set using a constant fraction discriminator (CFD), a logi-
cal OR of all core signals was formed to trigger the digitizer.
For each event trigger, in addition to recording the waveform
of the signal from the core detector that generated the trigger,
the waveform of the combined signal from the eight NaI
shield segments associated with this core NaI detector and the
time of flight (TOF) of the detected γ -ray events produced
by the signal from a time-to-amplitude converter (TAC) were
digitized. The TOF was defined as the time difference between
an event trigger and the next reference signal of the electron
beam pulse from the accelerator every 179 ns. The energy
deposition in the core and shield detectors was extracted
from the integral of the pulse shape, while the TOF was ob-
tained from the peak-sensed amplitude of the waveform from
the TAC.

Cosmic-ray events were the major source of background
in this experiment and could be rejected by employing two
methods. First, the energy spectra of the anticoincidence
shield detectors were analyzed to suppress such background.
Due to the lead collimator in front of each detector, events
scattered from the target deposited energy in the shields
primarily through electromagnetic shower loss from the core
crystal. In contrast, high-energy muons produced by cos-
mic rays traversed the detector and were minimum ionizing.
This significant difference in the shield-energy spectra of the
Compton scattered photons and cosmic muons enabled a cut
on shield energy (Fig. 3) to veto the cosmic-ray background
without affecting the Compton scattering events. Secondly,
the time structure of the γ -ray beam produced a clear prompt
timing peak (Fig. 4) for the beam-produced events, allowing
for a timing cut to select beam-related scattering events. The
shield-energy cut and timing cut together removed over 99%
of the cosmic-ray events within the region of interest (ROI) in
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HIGS: Development of cryogenic liquid 3He target for Compton scattering

Left: photo of inside cryotarget after internal components 
upgrade. Right: schematic of cryotarget for 1.7K liquid 
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3He Cryotarget gas handling systems design v 2022-03-07 Page 5 of 67 

Pressurized cell flexing against vacuum 0.8 % For 0.3 bars abs inside target cell and vacuum outside 
Thermometer uncertainty < 0.1 %  
Temperature stability < 0.1 % Density change with temperature of L4He at 3.2K is -7 

%/K. A 12mK temperature stability was assumed. 
Bubbling < 0.1 % Assumes a latent heat of 90 J/mol for 4He at 3.2K with 

a heat load of 10 mW. This translates to a gas 
production rate of 3.6 cm3/s. 

Temperature gradients 0.7% 100 mK difference measured between top and 
bottom of target cell. Multiply by the 7 %/K density-
temperature change. 

Total (added in quadrature) 1.1 %  
 
Figure 3: Uncertainties in the target length density of the 4He target from [Kendellen2016] 

9) Operation of the 3He target at 2.0 K will have a similar pressure to 4He at 3.2K, therefore the uncertainty due to the 
pressurized cell flexing against the vacuum will be similar. If the 3He is operated at 3.2 K, which has a pressure of 1 bar, 
then the pressure difference will increase by 3x. 

 
10) It is not described how the 0.8% uncertainty for the cell flexing, the largest of the uncertainties, was arrived at. The 

0.8% uncertainty was assigned for operation with 4He (0.3 bar pressure) and with H2 and D2, which were operated at 
above 1 bar. The higher pressure should cause more flexing. The elastic modulus of Kapton also increase by 20-30% 
from 25K to 4K (i.e. it becomes more stiff at lower temperatures). 
 

11) The 0.7% uncertainty due to the 100mK temperature gradient observed in the cell is given by the -7%/K density-
temperature gradient of 4He at 3.2 K. For 3He, at 2.0K this gradient is 9%/K and at 3.2K it is 73 %/K. For the latter, this 
uncertainty would become ~ 7%  if assuming the same temperature gradient. The thermal conductivities of the liquids 
are similar: for L3He at 2.0K it is 15E-5 W/cm/K, whereas for 4He at 3K it is 20E-5 W/cm/K.2 
 

12) It is interesting to note that around the 2.0K temperature range, the spread of the experimental measurements of the 
density is around ± 0.5%. This will need to be added to the target uncertainty table. 

 
Figure 4: (Left) The latent heat of vaporization of 3He and 4He from Pobell 1991. (Right) Density vs temperature of liquid 3He from Huang3 
et al. (2005) . 

 
2 From Wilks, “The properties of liquid and solid helium”, Clarendon Press Oxford 1967, p.19 and p.432. 
3 From Huang et al., “Density Equation for Saturated 3He”, International Journal of Thermophysics, Vol. 26, No. 3, May 2005. An analytic expression for the 
liquid and vapor density from 0.2 K to 3.3 K is fitted to a compilation of experimental data. 
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2.2.4 Helium physics properties

We shall now describe the main physical properties of helium:

• vapour pressure and latent heat of evaporation;
• specific heat;
• thermal conductivity and viscosity.

2.2.4.1 Helium vapour pressure and latent heat of evaporation
The latent heat of evaporation L and the vapour pressure pvap are fundamental parameters

when using these two cryoliquids in the refrigeration process. Figure 2.5 shows L of 3He
and 4He as a function of temperature. Note that L (∼20!9 J/g for 4He) is very small in com-
parison, for example, with that of hydrogen (445 J/g) or of nitrogen (200 J/g). Note also the
minimum at ∼2!2 K in the graph for 4He, in correspondence with the superfluid transition.

A low value of L means a small cooling power, a serious drawback when cooling by
evaporation.

The vapour pressure can be approximately be calculated from the Clausius-Clapeyron
equation:

(
dp

dT

)

vap

=
(
Sgas −Sliq

)

Vm"gas# −Vm"liq#

(2.1)

where S is the entropy and Vm the molar volume.
The difference between the entropies is L/T and the molar volume of the gas is much

larger than that of the liquid. Since approximately Vgas = RT/p, from eq. (2.1) we get:

dp

dT
= L "T #

RT 2
(2.2)
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Fig. 2.5. Latent heat of vaporization of 3He and 4He. Data from [24]. Note the change in the vertical scale.
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• The desired operating temperature of 0.3 L liquid 3He target cell is 1.7 K. Compared to normal boiling 
point of 3.2 K, this increases density, reduces d𝜌/dT , and increases the latent heat of vaporization.

• The upgrade (addition of recirculating dry 1K pot) of the HIGS cryotarget’s internal components has been 
completed.

• Cooldown test with liquid 4He in cryotarget in final experiment location and conditions reached < 1.6 K.
• Inventory (350 bar-liters) of 3He gas now on hand at TUNL 
• Developing the gas handling systems and procedures for safely 

operating and managing this large 3He inventory 

Task leader: Kent Leung, Montclair State Univ.
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HIGS: R&D of FEL optical cavity mirrors for Compton Scattering  

• Major focus on measurements of neutron EM polarizabilities
§ Compton scattering from liquid H,D,3He, and 4He targets at Eg = 65 - 120 MeV 

§ Eg = 100 - 120 MeV made possible through development of 175-nm cavity mirrors by collaboration of TUNL-Laser Zentrum Hannover (LZH)
§ Eg = 130 - 150 MeV with 155-nm mirrors, R&D underway with TUNL-LZH collaboration

With 175 nm mirror
With 155 nm mirror
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Theory: Global sensitivity survey
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Abstract Interpreting measurements requires a physical
theory, but the theory’s accuracy may vary across the exper-
imental domain. To optimize experimental design, and so
to ensure that the substantial resources necessary for mod-
ern experiments are focused on acquiring the most valuable
data, both the theory uncertainty and the expected pattern
of experimental errors must be considered. We develop a
Bayesian approach to this problem, and apply it to the exam-
ple of proton Compton scattering. Chiral Effective Field
Theory (χEFT) predicts the functional form of the scatter-
ing amplitude for this reaction, so that the electromagnetic
polarizabilities of the nucleon can be inferred from data.
With increasing photon energy, both experimental rates and
sensitivities to polarizabilities increase, but the accuracy of
χEFT decreases. Our physics-based model of χEFT trunca-
tion errors is combined with present knowledge of the polar-
izabilities and reasonable assumptions about experimental
capabilities at HIγ S and MAMI to assess the information
gain from measuring specific observables at specific kine-
matics, i.e. to determine the relative amount by which new
data are apt to shrink uncertainties. The strongest gains would
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likely come from new data on the spin observables #2x and
#2x ′ at ω " 140 to 200 MeV and 40◦ to 120◦. These would
tightly constrain γE1E1 − γE1M2. New data on the differ-
ential cross section between 100 and 200 MeV and over a
wide angle range will substantially improve constraints on
αE1 −βM1, γπ and γM1M1 −γM1E2. Good signals also exist
around 160 MeV for #3 and #2z′ . Such data will be pivotal
in the continuing quest to pin down the scalar polarizabilities
and refine understanding of the spin polarizabilities.

1 Introduction

Six low-energy parameters known as polarizabilities charac-
terize the response of the nucleon to low-frequency light:
the electric and magnetic dipole polarizabilities αE1 and
βM1, and four spin polarizabilities γi ; see, e.g., Refs. [1–
3] for recent reviews. Despite their fundamental importance
to understanding the proton and neutron, the value of only
one combination is known with better than 2% accuracy,
with current uncertainties for the rest varying from 10% to
more than 100%. Most recent values and uncertainties are
collected in Ref. [4] and references therein, and summarized
in Table 3 below. Recent advances in Chiral Effective Field
Theory (χEFT) have enabled precise quantitative predic-
tions of Compton scattering that take the polarizabilities as
inputs [1,5–8].1 This new ability to precisely trace the impact
of these fundamental nucleon-structure constants on exper-
imental observables is opportune. It comes at a time when

1 In the χEFT we are using, the lowest-lying nucleonic resonance, the
((1232), is retained as an explicit degree of freedom.

123

Eur. Phys. J. A (2021) 57:81
https://doi.org/10.1140/epja/s10050-021-00382-2

Regular Article - Theoretical Physics

Designing optimal experiments: an application to proton Compton
scattering

J. A.Melendez1,a, R. J. Furnstahl1,b, H.W. Grießhammer2,3,4,c, J. A.McGovern5,d, D. R. Phillips6,e, M. T. Pratola7,f

1 Department of Physics, The Ohio State University, Columbus, OH 43210, USA
2 Permanent address: Department of Physics, Institute for Nuclear Studies, The George Washington University, Washington, DC 20052, USA
3 Department of Physics, Duke University, Box 90305, Durham, NC 27708, USA
4 High Intensity Gamma-Ray Source, Triangle Universities Nuclear Laboratories, Box 90308, Durham, NC 27708, USA
5 School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK
6 Department of Physics and Astronomy and Institute of Nuclear and Particle Physics, Ohio University, Athens, OH 45701, USA
7 Department of Statistics, The Ohio State University, Columbus, OH 43210, USA

Received: 8 May 2020 / Accepted: 29 January 2021 / Published online: 27 February 2021
© The Author(s), under exclusive licence to Società Italiana di Fisica and Springer-Verlag GmbH Germany, part of Springer Nature 2021,
corrected publication 2021
Communicated by Vittorio Somà

Abstract Interpreting measurements requires a physical
theory, but the theory’s accuracy may vary across the exper-
imental domain. To optimize experimental design, and so
to ensure that the substantial resources necessary for mod-
ern experiments are focused on acquiring the most valuable
data, both the theory uncertainty and the expected pattern
of experimental errors must be considered. We develop a
Bayesian approach to this problem, and apply it to the exam-
ple of proton Compton scattering. Chiral Effective Field
Theory (χEFT) predicts the functional form of the scatter-
ing amplitude for this reaction, so that the electromagnetic
polarizabilities of the nucleon can be inferred from data.
With increasing photon energy, both experimental rates and
sensitivities to polarizabilities increase, but the accuracy of
χEFT decreases. Our physics-based model of χEFT trunca-
tion errors is combined with present knowledge of the polar-
izabilities and reasonable assumptions about experimental
capabilities at HIγ S and MAMI to assess the information
gain from measuring specific observables at specific kine-
matics, i.e. to determine the relative amount by which new
data are apt to shrink uncertainties. The strongest gains would

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1140/epja/
s10050-021-00382-2.

a e-mail: melendez.27@osu.edu
b e-mail: furnstahl.1@osu.edu
c e-mail: hgrie@gwu.edu (corresponding author)
d e-mail: judith.mcgovern@manchester.ac.uk
e e-mail: phillid1@ohio.edu
f e-mail: mpratola@stat.osu.edu

likely come from new data on the spin observables #2x and
#2x ′ at ω " 140 to 200 MeV and 40◦ to 120◦. These would
tightly constrain γE1E1 − γE1M2. New data on the differ-
ential cross section between 100 and 200 MeV and over a
wide angle range will substantially improve constraints on
αE1 −βM1, γπ and γM1M1 −γM1E2. Good signals also exist
around 160 MeV for #3 and #2z′ . Such data will be pivotal
in the continuing quest to pin down the scalar polarizabilities
and refine understanding of the spin polarizabilities.

1 Introduction

Six low-energy parameters known as polarizabilities charac-
terize the response of the nucleon to low-frequency light:
the electric and magnetic dipole polarizabilities αE1 and
βM1, and four spin polarizabilities γi ; see, e.g., Refs. [1–
3] for recent reviews. Despite their fundamental importance
to understanding the proton and neutron, the value of only
one combination is known with better than 2% accuracy,
with current uncertainties for the rest varying from 10% to
more than 100%. Most recent values and uncertainties are
collected in Ref. [4] and references therein, and summarized
in Table 3 below. Recent advances in Chiral Effective Field
Theory (χEFT) have enabled precise quantitative predic-
tions of Compton scattering that take the polarizabilities as
inputs [1,5–8].1 This new ability to precisely trace the impact
of these fundamental nucleon-structure constants on exper-
imental observables is opportune. It comes at a time when

1 In the χEFT we are using, the lowest-lying nucleonic resonance, the
((1232), is retained as an explicit degree of freedom.

123

Designing optimal experiments: an application 
to proton Compton scattering

81 Page 14 of 24 Eur. Phys. J. A (2021) 57 :81

Fig. 6 Expected utilities of conducting various experiments, with the
goal of constraining individual proton polarizabilities. Truncation errors
are included throughout. See Fig. 5 for a detailed description of the fig-
ure notation. Again, the color scale is common among all subplots so
that both the location and relative magnitudes of utilities can be uncov-

ered. To facilitate comparisons between observables, the color range is
identical to that in Fig. 7. However it must be noted that the color scale
is very, very different from Fig. 5, and that dark red in the current plot
reflects only a modest increase in information

vidual polarizability that contributes to it. How much more is
learned by considering multiple polarizabilities, depends on
how much their optimal designs overlap in kinematic space—
because we have found that in this case only small correla-
tions are induced in the covariance matrix V by fitting.

For the proton, the combinations αE1 + βM1 and γ0 are
well-constrained by sum rules [49,55]; see the small error
bars in Table 3. In Compton scattering, these are the only
two linear combinations of polarizabilities which enter the
cross section as θ → 0. Figure 8 reveals that indeed little
information on them can be gained from direct Compton
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Fig. 5 The expected utility Eq. (23) of proton differential cross sec-
tion ( dσ ) measurements. Colors indicate the utility of one measurement
conducted at each kinematic point (ωlab, θlab), with the point of largest
utility UKL being by definition the optimal 1-point design. (The color
bar is on a linear scale, though the hue varies much more quickly for
smallUKL .) The top row (with the red, “No δyth” box) does not include
EFT truncation estimates, whereas the bottom row does include the EFT
uncertainty. Each column shows the utility one could expect to achieve
for a subset of the proton polarizabilities: the first column considers
all polarizabilities together, while the second and third show the gain
for αE1 ± βM1 individually, and the final column reflects the collec-
tive information to be learned about the four spin polarizabilities {γi }.
The interior box that excludes ω < 60 MeV along with forward and
backward angles marks the experimentally accessible regime (see text
for further discussion). The vertical line marks the cusp at the pion-

production threshold. To visualize the full range of variation in the
subplots, the color ranges from zero to a saturation point calculated
by averaging the optimal utilities across all subplots. Contour lines
are added for utilities above the saturation point, with the first contour
at saturation and subsequent contour lines at intervals of 50% of the
color range, see the top left subplot. To help visualize the utilities from
less-constraining measurements, additional contours are added to any
subplot whose maximum utility is less than 10% of the color range, see,
e.g., Fig. 6. Unless otherwise stated, the color ranges are common to all
subplots within a figure, but different between figures. The white cir-
cles with black borders show the optimal five-point design kinematics,
as described in the text. The effect of including EFT truncation errors
is striking: it shifts the region of optimal utility to lower energies and
moderates the expected utility

first panel is approximately the sum of the utilities of each
subset. In this study, we found that the correlations between
these linear combinations of polarizabilities that are induced
by fitting are rather small; see the extended discussion of
Fig. 8. Equation (23) then says that, to the extent that the
covariance matrices V0 and V are diagonal, the total utility
is the sum of the individual utilities. The feature seen here
is thus generic in the absence of correlations: the amount of
benefit derived from collectively constraining !a is related to
how much the utilities for individual components of !a overlap
in kinematic space.

4.3 All observables: discussion

We now extend our analysis of the differential cross sec-
tion to the spin observables (i . For the remainder of this
work, we include truncation error estimates, because other-
wise the constraining power of any measurement would be
overstated; see the Supplemental Material for corresponding
results without truncation errors included. Figures 6 and 7
show heat maps of the expected utility of all proton observ-

ables, with truncation-error estimates included. Note that the
scale has changed dramatically, as can be seen by comparing
the results in the bottom row of Fig. 5 to the same results
repeated in the top row of Fig. 6.

Figures 6 and 7 contain a wealth of information about the
relative utility between observables at various kinematics,
but for more readily interpretable statements about potential
constraining power, we turn first to Fig. 8. In what follows,
we will discuss the observables in turn based on the promise
shown in that figure, at the same time looking at the relevant
row of Figs. 6 and 7 for more detailed information.

From Fig. 8 we can see the largest percent decrease in
uncertainty or “information gain” [Eq. (24)] of all opti-
mal 5-point designs for each observable, with utilities split
up based on the polarizabilities one might be interested
in measuring. Thus, given a decision about which polar-
izability is of most interest—a decision which we do not
encode mathematically—our approach provides a quantita-
tive method for evaluating the worth of future experiments.

Any set of utilities, such as “All” or “{γi }” are guaranteed
to be greater than or equal to the optimal utility of any indi-
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LE Nucleon Structure: Summary (Compton scattering)
• Substantial progress on determination of proton spin polarizabilities

§ Recent asymmetry data (S3, S2z and S2x) from MAMI (A2 coll.); range of Eg = 265 – 305 MeV
§ New and high precision S3 data from HIGS at Eg = 83 MeV
§ Convergence of cEFT calculations can be used to assess model uncertainty => crisp test of chiral 

dynamics of QCD at energies below pion production threshold

• Progress on reducing uncertainty in the neutron scalar polarizabilities
§ New high-resolution elastic Compton-scattering cross-section measurements performed on the deuteron 

at HIGS; Eg = 61 and 81 MeV
§ cEFT calculations enable determination of an and bn from the unpolarized cross-section data for Compton 

scattering from the deuteron 

• Development of theory calculations that provide a global sensitivity study 
for optimizing Compton-scattering measurements for determining nucleon 
polarizabilities

• Technical and methods accomplishments at HIGS enable new 
measurements important for reducing the uncertainties in an and bn

§ Installed two large NaI detectors (DIANA and BUNI): DE/E ~ 3.0% (fwhm) at Eg > 60 MeV
§ Developed 175-nm FEL cavity mirrors; enables Eg =  100 – 120 MeV
§ Developed a liquid 3He cryogenic target for Compton scattering



TUNL

QCD Town Meeting, September 23 - 25, 2022 20

LE Nucleon Structure: Opportunities (Compton scattering)

• Reduce uncertainty in the neutron scalar polarizabilities
§ The goal is to reduce the uncertainties to be on par with the proton
§ Perform high-precision cross-section and S3 Compton-scattering measurements on 2H, 3He and 4He at 

Eg = 100 to 150 MeV (e.g., map out an(w) over the p production threshold cusp)

• Map out proton scalar polarizabilities over the unitary cusp
§ Perform cross-section and S3 Compton-scattering cross-section measurements on the proton at Eg = 100 

to 150 MeV

• Improve determination of proton spin polarizabilities
§ Measure asymmetry data (S3, S2z and S2x) at energies Eg = 100 to 150 MeV; complement data from Mainz 

at Eg = 260 - 310 MeV
§ Use several cEFT calculations for reliable assessment of model uncertainty

• Determine the neutron spin polarizabilities
§ Measure asymmetry data (S2z and S2x) at energies Eg = 100 to 300 MeV for Compton-scattering on 

polarized 2H and 3He targets; Eg = 100 – 150 MeV at HIGS and Eg = 250 – 300 MeV at Mainz
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LE Nucleon Structure: Support and Investments for optimum science pursuit

• Optimum operation of HIGS, including FEL mirror R&D for improving mirror 
lifetime and increasing the energy reach of the facility. The research described here 
will require an average minimum of over 1000 hours of beam time per year. 

• Upgrade of the electron injector system at HIGS for reliable stable operation.  
Operating HIGS at the upper end of the facility’s energy reach for long periods, as is required to 
achieve the scientific goals outlined here, can not be sustained with the current beam injector system at 
HIGS.  This system is far beyond the average expected service life.    

• Polarized target R&D program at HIGS with emphasis on scintillating targets 
for use in Compton-scattering measurements.  Polarized targets are essential for 
continued progress on reducing uncertainties of the nucleon spin polarizabilities.  

• Support for theory efforts relevant to studying low-energy nucleon structure. 
The main advances made during the last two decades in quantifying the low-energy nucleon structure 
parameters have resulted from progress made in both experiment and theory and through their close 
collaboration. 

• Support for research in low-energy nucleon structure at Mainz. Sustaining the 
energy and techniques complementarity of the Compton-scattering programs at Mainz and HIGS is 
important for continued advancement of this low-energy QCD research area.


