PROCEEDINGS

OF SCIENCE

Overview of the experimental achievements in
nucleon and meson polarizabilites

R. Miskimen*
University of Massachusetts, Amherst
E-mail: miskimen@physics.umass.edu

An overview is presented of recent measurements of (i) proton and neutron scalar polarizabilities
o and By, (ii) proton spin-polarizabilites Ye1£1, Yarimis Yeimz, and Yyig2, and (iii) charged
and neutral pion scalar polarizabilities. The experiments completed, in progress, or in preparation
are at Compass (CERN), HIGS, GlueX (JLab), Lund, and Mainz A2. These experiments span a
range in beam energy from 100 MeV to 190 GeV, and target mass number from A=1 to 208

The 9th International workshop on Chiral Dynamics
17-21 September 2018
Durham, NC, USA

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/



Nucleon and meson polarizabilities R. Miskimen

1. Introduction

The first measurement of the proton electromagnetic polarizability by Compton scattering (CS)
with tagged photons took place at the University of Illinois 60 MeV MUSL-2 microtron nearly 30
years ago [1]. Since then experimental and theoretical interest in polarizabilities has increased
considerably. Polarizabilties are important test points for effective field theories, dispersion and
lattice calculations, they test fundamental symmetries, and play a role in studies of proton radius
and corrections to muon g-2. This CD2018 contribution covers recent experimental developments
in the area of nucleon and meson polarizabilities. The experiments are presented in detail in the
CD2018 contributions from E. Downie, M. Sikora, P. Martel, and D. Lawrence. For a comprehen-
sive theoretical overview of the topic, see H. GieBhammer’s contribution.

2. Proton and neutron scalar polarizabilities

The pivotal moment in this field was when the CS global analysis of McGovern et al. [2] was
included in the PDG average. The current (2014) PDG values are:

o) = (11.240.4) x 107*fm®, B = (2.5F0.4) x 10~ fm®

While the uncertainty quoted in the PDG average is debatable, the PDG averages experimental
results with the global analysis which includes those data, including a theoretical analysis of CS
data in the PDG average was a big step forward.

The thrust of new proton polarizability measurements is to use linearly polarization asymmetry
Y3 as an analyzer to measure ag; and f separately, and independently of the Baldin sum rule
value for ag1 + Byr1. The linear polarization asymmetry, X3, is defined as,

B dGH —dGL
3T doj+do,

At Mainz a pilot measurement of X3 showed that an extraction of oz and By from the linear
polarization asymmetry is possible [3]. The sensitivity of the measurement to By is approximately
at the level of the PDG uncertainty in 71, £0.4 in the standard units. After the experiment took
data, the Mainz photon tagger was upgraded to run at a rate approximately x 5 higher rate than the
old tagger focal plane. A new measurement of X3 with the upgraded tagger focal plane obtained
over 1 million good Compton scattering events over a range from Ey= 80 to 140 MeV and 6 =
30° to 135°, making this is the highest statistics Compton scattering data set ever obtained. Data
analysis is in progress.

At HIGS CS data on the proton were recently taken with linearly polarized photons (see Mark
Sikora’s contribution to the proceedings). The photon beam at HIGS is exceptionally well suited
for a LEX/YEFT theory based CS analysis for a; and fj; energies up to 100MeV are available,
the beam energy is monochromatic with a spread of ~ 4.5%, photon intensities on the target are
~ 107 photons/sec, and the linear polarization is approximately 100%.

Neutron scalar polarizabilities are obtained from the analysis of deuteron and helium CS data
using accurate effective-field theory calculations. The favored approach is to use elastic scattering
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data, not quasi-free d(7y, ¥'n)p data, because (i) the elastic process is less complicated than the quasi-
free scattering and treatable through effective-field theory calculations, and (ii) elastic scattering
has a larger cross section and greater sensitivity to the polarizabilities than the quasi-free process
because of the Thompson term. The disadvantage of elastic scattering on deuteron is that it places
a premium on the utilization of large Nal detectors with sufficient energy resolution to resolve
elastic and inelastic scattering. Elastic scattering is also sensitive to the isoscalar polarizabilities,
and therefore the proton contribution must be subtracted.

Data from Lund were recently published for elastic CS on the deuteron [4], nearly doubling
the effective number of world data points and extending the energy range by 20 MeV to higher
energies. The experiment used the large-volume, segmented Nal(Tl) detectors BUNI, CATS, and
DIANA to detect Compton-scattered photons. Because of unfavorable signal to background in the
time-of-flight spectra, and the scattered photon energy distribution, this was a very challenging
analysis. The results for the neutron are:

oyt = 11.55 % 1.25(star) = 0.2(BSR) £ 0.8(theory) x 10~* fmr’

Bl =3.65F 1.25(star) +0.2(BSR) £ 0.8(theory) x 10~ fm’

The compelling reason for doing CS on Z > 1 nuclei is that the Thomson cross section goes
as Z2, with a better ratio of elastic to incoherent scattering compared to deuteron. There are plans
at Mainz [5] to measure elastic CS on *He and “He with an active, gaseous helium target. The
operating principle of the target is that ionizing particles produce UV scintillation light in the
helium. The addition of a small amount of N, shifts the scintillation light into the visible, and a
SiPM photo-detector coupled to the target cell allows the He gas target to function as a detector.
Elastic scattering can be separated from incoherent scattering by detecting the recoil helium nucleus
in coincidence with the Compton-scattered photon. Development of the target is in progress, and
test runs are anticipated in 2019.

3. Proton spin-polarizabilities: experimental status

Prior to the availability of single and double-polarized Compton scattering observables from
the Mainz Compton scattering program, only two linear combinations of the polarizabilities were
known. One combination is the forward spin polarizability:

% =—Ye1E1 — Yewnz — Y — gz = (—0.9040.14) x 10~* fm*[6]

which is fixed by the GTT sum rule, and the other combination is the backward spin polarizability:

Yo = —Ye1e1 — Ve + Y + g2 = (8.0 1.8) x 107 fm*[7]

Here the standard convention is used of excluding the t-channel 7°-pole contribution from the
spin-polarizabilities.

Single and double-polarized CS asymmetries in the A(1232) region have good sensitivity to
the spin polarizabilities [8]. Measurements of this type provide essentially the only means by
which the four lowest order spin polarizabilities Ye1£1, Ymim1, Yeim2 and Y12 can be individually
separated.
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3.1 Compton scattering asymmetry with linearly polarized photons and unpolarized target

The first measurements of X3 in the A(1232) region were by the LEGS collaboration [9]. The
LEGS experimental setup is typical of CS experiments in the A(1232) region, where the Compton
photon is detected in a Nal detector, and the recoil proton is detected in a spectrometer arm specif-
ically designed for recoil detection (LEGS), or in the same Nal detector used for Compton photon
detection (Mainz Crystal Ball). Detecting the recoil proton is necessary to suppress background
from 7 — yy; the ratio of ° photoproduction to CS in the A(1232) region is approximately 100:1.

New data for the £3 asymmetry in the A(1232) region have recently been taken by the Mainz
A2 collaboration at the microtron MAMI using the Crystal Ball and TAPS detectors [10]. 7° events
are suppressed by making use of the hermeticity of the Crystal Ball, requiring that only one neutral
and one charged track are present in the event. Additional background suppression is provided
by imposing a co-planarity and an opening angle cut of 15° on the direction of the recoil proton
relative to the momentum transfer direction q defined by the incident and final photons. Figure 1
shows preliminary asymmetries from the analysis. The data has significant sensitivity to the Y11
and Yg1g; spin-polarizabilities. A letter on the result is in preparation for journal submission.

Fix ve1£1 Fix ymim1

0.4

0.3

0.2

0.1

IIIIL""I""I""I""IIIII

60 80 100 120 140 160 180
Compton 6, (deg! Compton &, (deg)

20 40 60 80 100 120 140 160 180

Figure 1: Preliminary linear polarization X3 asymmetries in the A(1232) region[10]. The curves are from a
dispersion theory calculation [8] with otz1, Bas1, 0, and Y held fixed at their experimental values. The left
plot has yg £ fixed at —4.3, and the colored bands are for y31571 equal to 4.9, 3.9, 2.9, 1.9, and 0.9, in units
of 10~*fm*. The width of each band represents the propagated errors from o1, Bu1, Y, and Yz combined
in quadrature.The right plot has Y1371 fixed at 2.9, and the colored bands are for yg1g; equal to —2.3, —3.3,
—4.3, —5.3, and —6.3.

3.2 Compton scattering asymmetry with circularly polarized photons and transverse
polarized target

The relevant double-polarized CS asymmetry is defined as

dok —dot
2 = —-———
Y doR+dol
where d 65 (1) is the differential cross section for transverse target polarization in the x-direction,

and for right (left) circularly polarized photons. Data for the X, asymmetry in the A(1232) region
have been published by the Mainz A2 collaboration [11]. Figure 2 shows the sensitivity of X, to
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the spin polarizabilities. The left figure shows little sensitivity to Y11, and the right figure shows
significant sensitivity to Ygi£1. Based on measurements of X5, at angles 0 = 90°, it is possible to
uniquely identify ¥z 1g;. Martel et al. [11] performed the first global analysis of single and double-
polarized CS data in the A(1232) region to extract all four spin-polarizabilities.
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Figure 2: ¥,, asymmetries in the A(1232) region[11]. The curves have the same meaning as in Figure 1.

3.3 Compton scattering asymmetry with circularly polarized photons and longitudinal
polarized target

We finally consider the following double-polarized CS asymmetry with longitudinal target

polarization,
_ dof—dot
%7 doR+dol
where d GZR (1) is the differential cross section for right (left) circularly polarized photons to scatter

from a nucleon target polarized in the incident beam direction. Note that the value of X, at the
zero scattering angle is well-known from the sum rules for the forward CS amplitudes.

Figure 3 shows the sensitivity of X, to the spin polarizabilities. The left panel shows good
sensitivity to Ys1a1, while the right panel shows less sensitivity to Ygi£1. The measurement of X,
provides information on the spin-polarizabilities that is complementary to the information obtained
from X,,. A letter on this result is being prepared for submission to PRL [14].

3.4 Scintillating, spin-polarized target for low-energy Compton scattering

Fig. 4 shows the proton detection efficiency as a function of proton kinetic energy for data
taken with the Mainz frozen-spin target. The efficiency is derived from experimental 7° photo-
production data. The drop in efficiency below 90 MeV is caused by proton absorption in the
frozen-spin target cryostat. This effectively limits incident Compton scattering energies to above
270 MeV if recoil proton detection is required. The drop in efficiency above approximately 120
MeV is an artifact caused by the kinematic limit on proton Kinetic energy.

Theorists prefer that polarized CS data be taken closer to the pion photo-production threshold,
and within the range of validity for chiral effective field theory calculations. For this reason the
Mainz polarized target group is developing an active polarized target using a polarizable scintillator.
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Figure 3: Preliminary X,, asymmetries in the A(1232) region. The curves have the same meaning as in
Figure 1.

There have been two test runs at Mainz with the active target, and for the second test run the
scintillators were polarized. The data are currently under analysis [15].
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Figure 4: Proton detection efficiency in the Mainz Crystal Ball as a function of proton kinetic energy for 7°
photoproduction with the frozen-spin target.

4. Meson polarizabilites

Among important tests of low-energy QCD which are arguably unresolved by experiment, the
charged and neutral pion polarizabilities are of paramount interest. [16]. For the charged pion
polarizability (CPP), the constraint placed on the intrinsic even-parity sector of QCD by the polar-
izability is entirely complementary to the constraint placed on the intrinsic odd-parity (anamalous)
sector of QCD by precision measurements of 7° radiative decay [17]. The O(p*) prediction for the
electric and magnetic polarizabilities is given by,

4o

O+ = —Pr+ = m@g —Lj)
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The sum of low-energy constants L+ L}, is fixed by the ratio F4/Fy in charged pion radiative
decay, 7t — e vy. This ratio has been measured by the PIBETA experiment with an error of
approximately 3 % [18]. The O( p6) corrections are predicted to be small [19] [20], with

Ot — Brr = (5.7 1.0) x 10~ fm®

O+ Bre = (0.16 £ 1.0) x 10~* fm?

Calculations by Ramsey-Musolf and collaborators show that CPP, and more generally y*y* —
"~ with virtual photons, is an important part of the hadronic light-by-light scattering correction
for muon (g —2), [21] [22]. Marciano and collaborators have put the discrepancy between theory
and experiment for (g —2), at over the 30 level, [23]

Aay = apX —al" =287(83) x 107"

The Ramsey-Musolf calculations show that including CPP in the hadronic light-by-light scattering
term increases the discrepancy between theory and experiment by as much as 60 x 10~!! | depend-
ing on the choice of o+ — B+ and the QCD model used for calculating the Q? dependence of the
polarizability.

For the neutral pion polarizability, the polarizabilities can be calculated from one loop chiral
contributions which are free of unknown parameters. The polarizabilities are expressed in terms of
fundamental constants: the fine structure constant, the pion mass, and the pion decay constant:

00 +ﬁﬂo =0

o

—— =—1.1x107*
487m2my F?

Olpo — ﬁno =

4.1 Charged pion polarizability: experimental status

There are three reaction channels that have been used to constrain CPP:

e ¢e” — yy— ™. For s-wave photo-production, this reaction is sensitive to the combi-
nation o+ — fB,+. Experiments have yielded values of a;+ — B+ ranging from 4.4 to 52.6
in the standard units of 10™* fm?.

e Radiative pion photoproduction,yp — ¥ " n at low momentum transfer to the recoil nucleon.
This reaction has been investigated most recently at Mainz [24], with the result o+ — B+ =
11.6 +1.544 £ 3055 £0.5,0401

e Primakoff scattering of a high energy pion in the Coulomb field of a heavy nucleus, TA —
7'yA. There have been two published results using this reaction. The older result, from
Serpukov [25] , is O+ — B+ = 13.6 2.8, £2.4y,. The newest result from COMPASS at
CERN [26] gives O+ — Br+ = 3.8 4 1.444 £ 1.64y,., where the constraint o+ = — B+ was
used in the analysis. Figure 5 shows the momentum transfer distributions for the Compass
pion and muon scattering data, where the muon peak at low q is used as a line shape to extract
the pion Primakoff yield.
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Figure 5: The Compass momentum transfer distributions for incident pion and muon beams of energy 190
GeV on a >'Ni target.

Regarding the yy — w7~ analyses [27], they were hampered by sparse data, ~ 200 data
points in the kinematic region of interest W < 500 MeV, and by the lack of an accurate theo-
retical model that can predict the dependence of the total and differential cross sections on the
polarizabilities. On the theoretical side, there has been considerable progress in the last decade.
Pasquini and collaborators demonstrated that pion polarizability predictions from dispersion theory
and ChPT are consistent [28], thereby providing a solid theoretical basis for performing calcula-
tions of Yy — w" 7~. Pennington and collaborators performed an amplitude analysis of yy — 77
data to study the accuracy and reliability of extracting the pion polarizability from these data [29]

The JLab Charged Pion Polarizability experiment (CPP) E12-13-008 is designed to make a
precision measurement of the charged pion polarizability by means of a high statistics measurement
of the yy — w7~ reaction near 27 threshold. The two-photon cross section can be accessed
through the Primakoff reaction YA — 77~ A reaction at very low momentum transfer [30] [31]
[32],

d*c 207 EyB?sin6
dQurdMzz T Mg O
where My is the invariant mass of the 27 system, Py is the linear polarization of the incident beam,
and ¢ is the azimuthal angle of the 77 system.

|F(Q2) ]2(1 + Pycos2¢rr)o(yy — 7T)

In the kinematic region of interest, Wy < 0.5 GeV, cross sections for yy — u* ™ are approx-
imately ten times larger than cross sections for yy — 77~ [27]. To permit muon rejection at a
sufficiently high level, the experiment will use a muon detection system consisting of 8 MWPCs
with about 140 cm of iron distributed between the detectors. The iron will serve to filter out and
remove charged pions, leaving only muons to track through the system. To minimize trigger bias
against YA — m~ 7~ A signal events, the experiment will be triggered by two charged tracks in the
Time-of-Flight (TOF) system.

4.2 Neutral pion polarizability: experimental status

In contrast to the situation for the charged pion polarizability, almost nothing is known exper-
imentally about the neutral pion polarizability (NPP). Efforts have been made to use Crystal Ball
measurements of yy — 1°z° [33] to put constraints on the polarizabilities. These analyses were
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limited by the low statistics of the Crystal Ball data set, the relatively weak sensitivity of the total
cross sections to the polarizabilities, and model uncertainties in calculating yy — n°z° cross sec-
tions. Because of the relatively small size of NPP relative to CPP, (ot;+ — Br+) &= 5 X (0t — Bro),
and the absence of the Thompson term for Compton scattering on the neutral pion, which amplifies
the cross section polarizability effect for the charged pion, a measurement of NPP is an experi-
mental challenge. There are positives also: the model uncertainties in calculating yy — 7°7° have
largely been addressed in the recent work of Pasquini and Pennington [28] [29], and the reaction
doesn’t have a diffractive p° photoproduction background.

A letter-of-intent[34] is being prepared for submission to the JLab PAC to measure NPP
through the YA — 7°7%A Primakoff reaction. Figure 6 shows projected statistics that can be ob-
tained in concurrent running with the JLab CPP experiment.
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Figure 6: Cross sections and projected statistical errors for yy — n°2” The black data points are from the
Crystal Ball [33]. The red data points show the projected statistics for concurrent running on YA — 7°7°A
with the JLab CPP experiment .

5. Summary and acknowledgements

High intensity polarized photon beams and polarized targets, both“standard” and ‘“active"
frozen-spin targets, are key elements needed to reduce uncertainties in the proton polarizabilities
below £0.4 in the standard units. Further effort is needed on neutron polarizabilities, and the ac-
tive He target development at Mainz is promising. Measurements of the charged and neutral pion
polarizabilties requires multi-GeV photon/hadron beams, and precision measurement technique.
Experiments are being planned for JLab and Compass.

The author acknowledges and thanks M. Biroth, C. Collicott, H. Greihammer, D. Hornidge,
D. Lawrence, and P. Martel for their assistance in the preparation of this talk.
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