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Introduction

In the past year I have pursued work in three different areas within the scope of my Depart-
ment of Energy Outstanding Junior Investigator Award “Few-nucleon systems in the laboratory,
supernovae, and the cosmos”. The first, and main, focus of my research has been testing the
usefulness of effective field theory (EFT) in describing Compton scattering for different targets:
the proton, deuterium, and Helium-3. This has been where the bulk of my OJI effort has been
dedicated in the past twelve months, and thus it is the longest section of this report. Secondly,
I have been working on the application of EFT to the reaction π−d → γnn. Finally, I have
also been involved in a non-EFT project: computing certain many-body effects which affect the
neutrino cooling of neutron stars and supernovae. In what follows I first describe my work in
each of these areas. I then discuss unexpended funds, and the students who have been supported
under the aegis of this project, as well as listing publications, talks, etc. associated with this
grant in 2004–05.

Progress report

Low-energy Compton scattering on light nuclei in effective field theory

Chiral perturbation theory (χPT) is an effective field theory for the low-energy interactions of
hadrons. The work of this grant has been particularly focused on the application of χPT and
other EFTs to Compton scattering on light nuclear systems.

Almost fifteen years ago Weinberg showed that χPT techniques could also be applied to
systems with more than one nucleon [1]. These ideas yield calculations which include all the
possible interactions allowed by chiral symmetry at a given chiral order. They thus provide a
framework within which systematic calculations of low-energy observables in few-hadron systems
may be carried out. An NN interaction based on these ideas which fits the NN phase shifts
moderately well and gives reasonable deuteron static properties has been developed [2, 3]. I
have continued to work on the description of deuteron Compton scattering in both χPT and
an EFT including explicit ∆’s. Furthermore, a Ph. D. student has been tackling the problem
of Compton scattering on Helium-3 in χPT, and results for this calculation—the first χPT
result for an electromagnetic process in the three-body system—are expected within the next
six months.

Compton scattering on deuterium in chiral perturbation theory

The reaction

γ + d → γ + d (1)

is of particular interest because, provided suitable kinematics are chosen, it may allow the ex-
traction of electromagnetic polarizabilities of the neutron. These polarizabilities are predictions
of most models of nucleon structure, but, in the neutron case, cannot be measured directly. In
the nuclear effective theory deuteronic effects can be included systematically, order-by-order in
the chiral expansion. Consequently, effects due to electromagnetic polarizabilities of the neutron
can be reliably extracted from data.
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Silas Beane (University of New Hampshire), Manuel Malheiro (Fluminese, Brazil), Ubira-
jara van Kolck (University of Arizona), and I computed γd elastic scattering to next-to-leading
order (O(Q3)) in chiral perturbation theory without explicit Deltas using Weinberg’s power
counting [4]. The results are in reasonable agreement with the data of Refs. [5, 6], although
they differ from the recent SAL data [7]. Working with Judith McGovern (University of Manch-
ester) we have now completed the next-to-next-to-leading order—or O(Q4)—calculation [8, 9].
At O(Q4) the isoscalar nucleon polarizabilities αN and βN are the only free parameters in the
theory. We can also test the convergence of the nuclear effective theory for this reaction.
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Figure 1: Results of the O(Q4) EFT best fit to differential cross sections for γd scattering at
four different lab. photon energies: 49, 55, 66, and 95 MeV. The data are from Illinois [5]
(circles), Lund [6] (diamonds) and SAL (squares) [7]. The solid line is the O(Q4) calculation
with αN = 8.9× 10−4 fm3, βN = 2.2× 10−4 fm3. The gray area is the region excluded from the
fit (ω,

√

|t| > 160 MeV). The dashed line is the (parameter-free) O(Q3) calculation.

In Fig. 1 the polarizabilities of the isoscalar nucleon were fitted to the experimental data of
Refs. [5, 6, 7]. We concluded that our best fit and error bars are:

αN = (8.9 ± 1.5)+4.7
−0.9 × 10−4 fm3,

βN = (2.2 ± 1.5)+1.2
−0.9 × 10−4 fm3. (2)

The errors inside the brackets are statistical, and those outside reflect the arbitrariness as to
which data are included, and from different choices for the deuteron wave function. The results
for the best-fit EFT, which had a cut excluding data above

√
t = 160 MeV, are shown in Fig. 1.

A long paper on this work was published in Nuclear Physics A in early 2005 [9].
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Including the ∆ in the effective field theory of γd scattering

The restriction on the kinematical domain over which the χPT γd calculation was fitted to data
is necessary because the ∆ is not included as an explicit degree of freedom in the calculation.
The failure to describe the backward-angle data in the bottom-right panel of Fig. 1 may well be
due to the absence of explicit ∆’s in the computation of Ref. [8].

One way to remedy this is via the “Modified Small-Scale Expansion” (MSSE) of Ref. [10].
In this expansion ∆ is counted as a small scale, being of order mπ and p. A collaboration
involving myself, and H. Grießhammer, T. Hemmert, and R. Hildebrandt (all of the Technical
University of Munich) has been initiated. Our goal is is to calculate γd scattering in the MSSE.
To do this the MSSE γN amplitudes must be incorporated in the γd calculation of Refs. [8, 4, 9].
This is consistent since at the order at which we work in the MSSE the ∆ does not contribute
to any two-body Compton currents.

In 2003 a week-long visit by Mr. Hildebrandt to Athens was funded by this grant. This
allowed us to develop a working code that incorporates the single-nucleon amplitudes developed
in the “Modified Small-Scale Expansion” of Refs. [10] in the γ-deuteron formalism of Ref. [4].
This calculation of γd amplitudes is now complete, and the fit yields:

αN = (11.5 ± 1.4) × 10−4 fm3;

βN = (2.4 ± 1.7) × 10−4 fm3, (3)

for the isoscalar nucleon polarizabilities. Here the NNLO χPT wave function was employed in
the evaluation of deuteron matrix elements. The extracted isoscalar polarizabilities change by
10-20% if the Nijm93 wave function is instead used for the evaluation.

The numbers (3) are consistent with those reported in Eq. (2). However, the central values
are rather different, reflecting the impact that the inclusion of the ∆ has on the calculation at
higher energies and backward angles. Combining the result (3) with the proton polarizabilities
extracted in, e.g. Ref. [8] shows that there is no evidence for isovector components of α and β
within the current γd and γp database.

The quality of the fit is shown by comparing to data at 69 and 94.2 MeV in Fig. 2. A paper
on this work was published in Nuclear Physics A in 2005.
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Figure 2: Fits to Compton data from Illinois [5], Lund [6], and SAL [7] using the O(ǫ3) MSSE
amplitude. The gray shaded band shows the spread of the predictions if the polarizabilities
are varied within the range of the statistical uncertainty quoted in Eq. 3. The wave function
employed here is that of NNLO χPT.

3



γd scattering with polarized beam and target

A Ph .D. student supported by this grant, Ms. Deepshikha Choudhury, has been working since
August 2003 on the predictions of the amplitudes of Refs. [8, 9] for Compton scattering on
deuterium when polarized photon beams or deuteron targets are employed.

Our first exercise was to calculate the photon beam asymmetry:

Σ ≡
dσ
dΩ ||

− dσ
dΩ⊥

dσ
dΩ

(4)

We were particularly interested to see if it displayed sensitivity to the nucleon electromagnetic
polarizabilities α and β, since the HIγS facility at TUNL can provide an intense source of
low-energy, polarized, essentially monochromatic photons.

In fact, Σ seems completely insensitive to αN and βN , even at quite high photon energies.
Predictions for Σ using the O(Q3) amplitude of Ref. [4, 8, 9] are shown in the left-hand panel
Fig. 3. In the right-hand panel we show the scale of changes in Σ at an energy of 70 MeV
when αN is artificially modified by factors of 3 or more. Similar changes in βN produce an even
smaller effect. We have shown that in impulse approximation the smallness of these effects can
be understood as due to the cancellation of effects from α and β in Σ in terms of O(ω2).
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Figure 3: The γd photon beam asymmetry Σ as a function of center-of-mass photon scattering
angle. The left panel shows the O(Q3) prediction of χPT at a range of photon c.m. energies
from 40 MeV to 110 MeV. The right panel shows the effect (at one particular photon energy)
of varying the isoscalar electric polarizability αN between 10−3 fm3 and 4 × 10−3 fm3.

This work suggests that the beam asymmetry Σ is not a good observable to examine if one
wishes to extract αN and βN from γd scattering experiment: a result of considerable interest
to experimentalists working at HIγS. Subsequent calculations showed that double-polarization
observables, in which the deuterium target is vector-polarized in the scattering plane, with polar-
ization perpendicular to the direction of the circularly-polarized photon beam, show significant
sensitivity to the neutron spin polarizabilities γ1 and γ3. The best observable for this appears
to be Σx, defined as (for positive-helicity photons):

Σx,(λ=+1) =
( dσ

dΩ )↑→ − ( dσ
dΩ )↑←

( dσ
dΩ )↑→ + ( dσ

dΩ )↑←
, (5)
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where the direction of the second arrow in the subscript denotes that the target polarization is
along the +x̂ or −x̂ directions.

We find that in order to be able to distinguish between different values of γ1 and γ3 at HIγS
a measurement of Σx will have to be done near the pion threshold, since it is only there that the
effects become larger than the anticipated size of HIγS’s error bar on this quantity (see Fig. ).
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Figure 4: Plots of Σx with varying γn’s at 135 MeV (lab) energy.

Choudhury gave a seminar on these results at TUNL in May 2005, and a paper on this work
has been published in Physical Review C . We are now pursuing an investigation of the extent
to which the inclusion of Delta-isobar degrees of freedom in the Compton amplitudes modifies
these results.

Compton scattering on Helium-3

The extension of the work of Ref. [4] to the problem of Compton scattering on Helium-3 is, in
principle, straightforward. Since three-body currents are suppressed by additional powers of Q
the current operator at leading non-trivial order in χPT is that already worked out in Ref. [4].
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This computation is the main part of the Ph. D. thesis work of Deepshikha Choudhury.
Ms. Choudhury had a Ph. D. prospectus on this topic approved in January of 2004. For the
Helium-3 wave function we adopt the wave function of Ref. [11]. Andreas Nogga (INT/Jülich)
has provided these wave functions to us for use in the calculation of γ 3He matrix elements.

We have computed the expressions which need to be integrated to evaluate the matrix
elements for Compton scattering on Helium-3. These have been coded, and Ms. Choudhury is
currently making sure that her code is stable, and her results for the matrix elements in question
are converged. She will obtain results and finish her Ph. D. by August 2006. She was supported
by this grant until September 2005, and will be supported by “Hadronic and electromagnetic
reactions as probes of nuclear dynamics” (Ch. Elster, PI) until the completion of her Ph. D.

This work is also of interest to Dr. Haiyan Gao because of the possibility that polarized
Helium-3 targets can be used as effective neutron targets in Compton scattering. Once our
calculation is complete we should be able to provide key information to experimentalists on the
expected size of cross sections and asymmetries, as well as on the optimal kinematics at which
to look for effects due to neutron polarizabilities on γ3He elastic scattering.

Radiative pion capture and the neutron-neutron scattering length

The 1S0 neutron-neutron scattering length cannot be extracted directly from experiment. At
present the “recommended” value is ann = −18.5±0.3 fm. This result is derived from information
from two complementary reactions: n+ d→ p+n+n, and π−+ d→ γ+n+n. In both cases a
suitable choice of kinematics allows one to examine the final-state neutron-neutron interaction
at low energy, and thereby glean information on the low-energy nn scattering amplitude.

The recommended value is weighted towards the results of measurements from the pionic
capture reaction, since, until relatively recently, it was theoretically unclear whether the effects of
a three-nucleon force would contaminate the extraction of ann from neutron-deuteron breakup.
Three-body forces can now be accounted for in this extraction though, and yet disagreement
persists between results from the two different techniques: the most recent nd breakup measure-
ment yielded ann = −16.1 ± 0.4 fm [12], which is more than five standard deviations from the
recommended value 1. It is also inconsistent with the value from the most recent experiment
investigating π− capture on deuterium: ann = −18.5 ± 0.5 ± 0.3 [14], where the first error is a
combined statistical and systematic uncertainty, and the second is a theoretical error bar.

The theoretical analysis employed in Ref. [14] is based on work of Gibbs et al. from the
mid-1970s [15]. This is a detailed calculation, which incorporates many important mechanisms.
However, the single-nucleon amplitude used in Ref. [15] does not incorporate the chiral loop
corrections to the reaction π− + p → γ + n. Neither does it fully account for the exchange-
current diagrams which are the two-body counterparts of these loop mechanisms.

Many of these mechanisms are incorporated if the process π−d → γnn is calculated to
O(Q3) in the nuclear effective theory. In this EFT the decay width of the pionic deuterium
atom will be calculated as:

Γ = 〈ψnn|Kγπ|ψd〉, (6)

where |ψd〉 and |ψnn〉 are wave functions for the initial deuteron and final nn state respectively,

1This experiment is, in fact, not consistent with some other nd breakup measurements, that yield numbers
consistent with the recommended value. See, for instance Ref. [13].
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and Kγπ is the irreducible kernel for this process, calculated to a fixed order in χPT.

Work on calculation of Kγπ was completed in 2004–05 with post-doctoral researcher Anders
G̊ardestig. This kernel has both one- and two-nucleon pieces. For the one-nucleon part we are
using the amplitude for π−p→ γn derived by Hemmert et al. in Ref. [16]. We have reproduced
the leading and sub-leading (in 1/M) pieces of the tree-level part of this amplitude. This is
important since the sub-leading pieces will alter when the amplitude is used in the γd center-
of-mass, rather than the γn center-of-mass, frame. We have also calculated the sub-sub-leading
(i.e. 1/M2) pieces of the tree-level graphs, so that we will have a full O(Q3) calculation of the
one-body part of Kγπ. It is important to note that once the π−p → γn amplitude is fitted to
low-energy proton radiative pion capture and charged-pion photoproduction data—as was done
in Ref. [16]—there are no free parameters in it.

At O(Q3) there are also two-body pieces of Kγπ. Three graphs enter at this order, and they
are calculable in terms of known parameters: gA, fπ, and mπ, so there are no free parameters in
the two-body part of the kernel. This leaves the only freedom in Eq. (6) in the choice of initial-
and final-state wave functions. In particular, it leaves the matrix element dependent on the
value of ann—as long as “FSI” kinematics where the final-state neutrons go out at low relative
momentum are chosen (see Fig. 5).
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Figure 5: Time-of-flight distribution for the π−d→ nnγ decay rate. The spectrum is calculated
for different choices of ann as indicated. The curves for ann = −20 and -16 fm have been
(slightly) rescaled to coincide with the QF peak of the ann = −18 fm curve.

In the work of Gibbs et al. considerable emphasis was placed on the ability to vary the
initial- and final-state nucleon-nucleon wave functions in ways that go beyond just altering the nn
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scattering length. For instance, Gibbs et al. consider arbitrarily modifying the parameterization
of the short-distance piece of the nn wave function. The change in the extracted ann which results
when such wave function modifications are made resulted in the assignment of the theoretical
error ±0.3 fm quoted above. The EFT techniques for calculating NN wave functions developed
in Ref. [17] can be usefully employed to vary the short-distance physics in |ψd〉 and |ψnn〉, while
at the same time preserving the pieces of each of these wave functions which stem form one-pion
exchange. The resultant variation in the ann extracted from data, together with estimates of
the O(Q4) (and higher) pieces of the π−NN → γNN irreducible kernel gave us an EFT-based
estimate of the theoretical error on the extracted ann.

If ann is extracted from the FSI region alone our analysis confirms the original result of
Gibbs et al. for the theoretical uncertainties, putting them at ±0.3 fm. On the other hand,
if—as was done in Ref. [14]—the shape of the neutron spectrum between the quasi-free and FSI
peaks is used to extract the nn scattering length then the uncertainty in the scattering wave
function at small distances and the neglect of higher partial waves is a potentially large source of
errors, maybe as large as 4.3%. Some of the assumptions behind the error estimate of Ref. [15]
do not seem to apply for the entire kinematic range spanned by the data from the LAMPF
experiment. This tempts us to suggest that the error estimate given in Ref. [14] was optimistic
and should be increased.

A paper on this work was submitted to Physical Review C in early 2005, and was published
there in early 2006. G̊ardestig (now at University of South Carolina) and Phillips continue to
work to constrain the short-distance part of the nn wave function using other observables and
incorporate higher partial waves in the nn final-state wave function. We also plan to fold our
model with the neutron detector acceptance and the experimental geometry in order to extract
the nn scattering length from the data of Ref. [14]. This should lead to a new, more accurate,
extraction of ann from that data.

Few-nucleon reactions in neutron-star cooling and supernovae

Neutron stars are believed to be born during a supernova explosion with an interior tempera-
ture between 30 and 60 MeV. The subsequent evolution of the hot and dense compact star is
characterized by a rapid early cooling phase followed by a, significantly slower, late-time cooling
phase [18]. During both of these phases neutrinos are an important source of energy loss. The
high neutrino luminosity is fueled by reactions such as

e+ p → n+ νe, (7)

NN → NN νX ν̄X , where X = e, µ, τ, (8)

nn → npeν̄e . (9)

A better understanding of these rates is crucial if we wish to make better determinations of the
spectral characteristics of the neutrino fluxes which emerge from the supernova at these early
times [19, 20]. The late-time cooling also depends crucially on neutrino-producing reactions such
as (7)–(9).

Until recently the state-of-the-art theory for this reaction was due to Friman and Maxwell,
who computed the rate for both (8) and (9) using a nucleon-nucleon amplitude due only to
a single pion exchange [21]. This is a very simplistic model of the NN interaction. In 2000

8



we showed that an approach reminiscent of that used in soft-photon calculations [22], allows
one to relate the rate of production of soft-neutrino radiation in NN scattering to the on-shell
NN scattering amplitude, and thus to experimental data from the NN system [23]. This soft-
radiation theorem is model-independent. It relies only on the idea that the energy of the emitted
radiation, ω is much smaller than the energy of the incoming NN pair, and on the condition
ω < mπ. These criteria are certainly satisfied in the case of the reaction (8) during late-time
cooling of the neutron star, since at that time typical neutrino energies are of order an MeV.

This soft-radiation theorem yields a neutrino-emissivity calculation that is a “benchmark”.
The resultant neutrino emissivities from the reaction (8) are a factor of four to five lower than
those of Ref. [21]. This dramatic reduction comes solely from improving the description of the
NN dynamics.

Including in-medium effects

The arguments of Refs. [23] and the previous subsection do not take into account in-medium
effects on the rate of axial-radiation production. In particular, the axial-radiation production
amplitude is related to the vacuum NN scattering amplitude via the soft-radiation theorem.
We are attempting to estimate the impact of one particular class of many-body corrections on
our results by instead employing an NN G-matrix which includes some in-medium effects. This
is being worked on by myself, and Assumpta Parreño and Angels Ramos of the University of
Barcelona. The three of us have been exploring the T-matrix and the G-matrix for several
potential models (i.e. Nijmegen Soft core 97a and 97f, Nijmegen 93, Reid 93, Bonn B). We will
look at the impact on both the nn→ nnνν̄ and np→ npνν̄ of these in-medium effects. We will
also investigate the NN -model dependence of these many-body corrections. I have rewritten my
code for nn→ nnνν̄ so that it can easily be used to compute emissivities with in-medium NN
amplitudes. Drs. Parreño and Ramos have now included their G-matrix calculations as input
to this code. We have obtained results for emissivities and are currently trying to understand
and refine them.
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3. Unexpended carry-over

At the end of the grant period all funds had been expended.

4. Student Support

The one graduate student supported by this grant during almost all of the grant period was
Ms. Deepshikha Choudhury. Four quarters of support were provided for her during the period
reported on here.

The other graduate student working with me who has received support from this grant is Mr.
Hayrullo Shoniyozov. Mr. Shoniyozov did a Masters project with me on calculations of dressing
of the Delta(1232) in chiral effective field theories. Since he failed the comprehensive exam he
could not proceed to a Ph. D, and he has now left Ohio University to pursue graduate study
elsewhere. Two quarters of support were provided for him between July 2004 and September
2005.

At the same time Ms. Ting Lin and Mr. Hang Liu, who are both working with Dr. Charlotte
Elser, received one quarter and a fraction of a quarter of support from this grant. This enabled
our group grant “Electromagnetic and hadronic reactions as probes of nuclear dynamics” to pay
a larger fraction of post-doctoral researcher G̊ardestig’s salary.
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5. Publications

A. Journal Publications and Preprints

• A paper entitled “Compton scattering on the proton, neutron, and deuteron in chiral
perturbation theory to O(Q4)”, by S. Beane, M. Malheiro, J. A. McGovern, D. R. Phillips,
and U. van Kolck, was published as Nuclear Physics A747, 311–361. The following is an
abstract of the paper:

We study Compton scattering in systems with A=1 and 2 using chiral perturba-
tion theory up to fourth order. For the proton we fit the two undetermined pa-
rameters in the O(Q4) γp amplitude of McGovern to experimental data in the re-
gion ω,

√

|t| ≤ 180 MeV, obtaining a χ2/d.o.f. of 133/113. This yields a model-
independent extraction of proton polarizabilities based solely on low-energy data:
αp = (12.1±1.1 (stat.))+0.5

−0.5 (theory) and βp = (3.4±1.1 (stat.))+0.1
−0.1 (theory), both in

units of 10−4 fm3. We also compute Compton scattering on deuterium to O(Q4). The
γd amplitude is a sum of one- and two-nucleon mechanisms, and contains two unde-
termined parameters, which are related to the isoscalar nucleon polarizabilities. We
fit data points from three recent γd scattering experiments with a χ2/d.o.f. = 26.3/20,
and find αN = (8.9±1.5 (stat.))+4.7

−0.9 (theory) and βN = (2.2±1.5 (stat.))+1.2
−0.9 (theory),

again in units of 10−4 fm3.

• A paper entitled “Explicit Delta(1232) degrees of freedom in Compton scattering off the
deuteron”, by R. P. Hildebrandt, H. W. Grießhammer, T. R. Hemmert, D. R. Phillips, was
published as Nuclear Physics A748, 573–595. The following is an abstract of the paper:

We examine elastic Compton scattering off the deuteron for photon energies between
50 MeV and 100 MeV in the framework of chiral effective field theories to next-to-
leading order. We compare one theoretical scheme with only pions and nucleons as
explicit degrees of freedom to another in which the Delta(1232) resonance is treated
as an explicit degree of freedom. Whereas pion degrees of freedom suffice to describe
the experimental data measured at about 70 MeV, the explicit Delta(1232) gives
important contributions that help to reproduce the angular dependence at higher
energies. The static isoscalar dipole polarizabilities αs

E and βs
M are fitted to the

available data, giving results for the neutron polarizabilities αn
E = (14.2± 2.0(stat)±

1.9(syst))× 10−4fm3, βn
M = (1.8± 2.2(stat)± 0.3(syst))× 10−4fm3. These values are

in good agreement with previous experimental analyses. Comparing them to the well-
known proton values we conclude that there is currently no evidence for significant
differences between the proton and neutron electromagnetic dipole polarizabilities.

• A paper entitled “Predictions for polarized-beam/polarized-target observables in elastic
Compton scattering off the deuteron” by D. Choudhury and D. R. Phillips, was published
as Physical Review C71, 044002. The following is an abstract of the paper

Motivated by ongoing developments at HIγS at TUNL that include increased pho-
ton flux and the ability to circularly polarize photons, we calculate several beam-
polarization/target-spin dependent observables for elastic Compton scattering on the
deuteron. This is done at energies of the order of the pion mass within the framework
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of Heavy Baryon Chiral Perturbation Theory. Our calculation is complete to O(Q3)
and at this order there are no free parameters. Consequently, the results reported
here are predictions of the theory. We discuss paths that may lead to the extraction
of neutron polarizabilities. We find that the photon/beam polarization asymmetry is
not a good observable for the purpose of extracting αn and βn. However, one of the
double polarization asymmetries, Σx, shows appreciable sensitivity to γ1n and could
be instrumental in pinning down the neutron spin polarizabilities.

• A paper entitled “Chiral perturbation theory for electroweak reactions on deuterium”, by
D. R. Phillips, has been published as J. Phys. G31, S1263–S1272. The following is an
abstract of the paper:

I summarize two recent applications of chiral perturbation theory to electromagnetic
reactions on deuterium: elastic electron-deuteron scattering, and Compton scattering
on deuterium. Both calculations have now been carried out to three orders in the
chiral expansion. The expansion shows good convergence and is able to reproduce
data for |q| <∼ 600 MeV in ed and for ω = 55– 95 MeV in γd. These results demon-
strate that χPT can be used to reliably compute operators and wave functions for
low-momentum-transfer reactions in light nuclear systems.

B. Papers given at Conferences and Oral Presentations at Professional Meetings

[I list all talks associated with the above research since I compiled my last progress report in April 2004.

Underlining indicates a presenter other than myself.]

1. Contributed poster: D. Choudhury and D. R. Phillips, “A road-map for extracting neutron
polarizabilities from Compton scattering experiments on deuterium”, Gordon Research
Conference on Photonuclear Reactions (Tilton, NH, August 2004)

2. Contributed poster: A. G̊ardestig and D. R. Phillips, “The neutron-neutron scattering
length from π−d→ γnn”, Gordon Research Conference on Photonuclear Reactions (Tilton,
NH, August 2004)

3. Invited talk: D. R. Phillips, “Chiral perturbation theory calculations of electroweak reac-
tions on deuterium”, Workshop on Nuclear Forces and the Quantum Many-body Problem
(INT, Seattle, October 2004)

4. Contributed talk: A. G̊ardestig and D. R. Phillips, “The neutron-neutron scattering length
from π−d → γnn”, Fall meeting of Division of Nuclear Physics of the APS (Chicago, IL,
October 2004)

5. Invited talk: D. R. Phillips, “Nucleon polarizabilities from Compton scattering on deu-
terium: An opportunity for MAX-lab”, Nuclear Physics at MAX-lab Program Advisory
Committee meeting (Lund, Sweden, December 2004).

6. Invited talk: A. G̊ardestig and D. R. Phillips, “Using chiral perturbation theory to extract
the neutron-neutron scattering length from the reaction π−d → γnn”, ECT* Workshop
on Charge Symmetry Breaking and other Isospin Violations (Trento, Italy, June 2005).
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7. Invited talk: D. R. Phillips, “The role of the Delta-isobar in nuclear EFT”, ECT* Work-
shop on QCD and Nuclear Forces (Trento, Italy, June 2005).

8. Contributed talk: D. R. Phillips, “Compton scattering on the proton and deuteron using
chiral effective field theory”, Fall meeting of the Division of Nuclear Physics of the APS
(Maui, HI, September 2005).

9. Contributed talk: D. Choudhury and D. R. Phillips, “Of neutron polarizabilities and po-
larization observables in Compton scattering on deuteruim and Helium-3 ”, Fall meeting
of the Division of Nuclear Physics of the APS (Maui, HI, September 2005).

C. Preprints/Publications supported in part

• A paper entitled ‘Delta Effects in Pion-Nucleon Scattering and the Strength of the Two-
Pion-exchange Three-Nucleon Interaction’, by V. R. Pandharipande, D. R. Phillips, and
U. van Kolck, has been published as Phys. Rev. C71, 064402 (2005).The following is an
abstract of the paper:

We consider the relationship between P -wave πN scattering and the strength of
the P -wave two-pion-exchange three-nucleon interaction (TPE3NI). We explain why
effective theories that do not contain the delta resonance as an explicit degree of
freedom tend to overestimate the strength of the TPE3NI. The overestimation can
be remedied by higher-order terms in these “delta-less” theories, but such terms are
not yet included in state-of-the-art chiral EFT calculations of the nuclear force. This
suggests that these calculations can only predict the strength of the TPE3NI to an
accuracy of ±25%.

• A paper entitled ‘Electron-deuteron scattering in the equal-time formalism: beyond the
impulse approximation’, by D. R. Phillips, S. J. Wallace, and N. K. Devine has been
published as Phys. Rev. C72, 014006 (2005). An abstract of the paper is as follows:

Using a three-dimensional formalism that includes relativistic kinematics, the effects
of negative-energy states, approximate boosts of the two-body system, and current
conservation, we calculate the electromagnetic form factors of the deuteron up to Q2

of 4 GeV2. This is done using a dynamical boost for two-body systems with spin. We
first compute form factors in impulse approximation, but then also add an isoscalar
meson-exchange current of pion range that involves the γπ contact operator associated
with pseudovector πN coupling. We also consider effects of the ρπγ meson-exchange
current. The experimentally measured quantities A, B, and t20 are calculated over
the kinematic range probed in recent Jefferson Laboratory experiments. The ρπγ
meson-exchange current provides significant strength in A at large Q2 and the γπ
contact-term exchange current shifts t20, providing good agreement with the JLab
data. Relativistic effects and the γπ meson exchange current do not provide an
explanation of the B observable, but the ρπγ current could help to provide agreement
if a nonstandard value is used for the tensor ρN coupling that enters this contribution.
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