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We employ an effective field theory (EFT) that exploits the separation of scales in the p-wave halo nucleus B
to describe the process 'Be(p, y)®B up to a center-of-mass energy of 500 keV. The key leading-order (LO) and
next-to-leading-order (NLO) results appeared in our earlier papers. Here we first present full details of the EFT
calculation. We develop the lagrangian and power counting in terms of velocity scaling, thereby making manifest
that the Coulomb force between "Be and proton plays a major role in both scattering and radiative capture at these
energies: Coulomb interactions must be included to all orders in «,,. The EFT calculation of the capture reaction
is then carried out using Feynman diagrams computed in time-ordered perturbation theory, so we recover existing
quantum-mechanical technology such as the Lippmann-Schwinger equation and the two-potential formalism for
the treatment of the Coulomb-nuclear interference. Meanwhile, the strong interactions and the E1 operator are
dealt with via EFT expansions in powers of momenta, with a breakdown scale set by the size of the "Be core,
A =~ 70 MeV /c. This is worked out up to NLO in the EFT expansion; at this order the relevant physics in the
different channels that enter the radiative capture reaction is encoded in ten different EFT couplings. The result
is a model-independent parametrization for the reaction amplitude in the energy regime of interest. In the second
part of the paper we consider other approaches that have been used to describe "Be(p, y )®B in this energy range.
We discuss the relationship of EFT to each of these approaches in qualitative terms and then make the connection
quantitative by determining what the ten NLO EFT coefficients are in five different calculations that we consider
representative. The EFT parameters are of natural size in all five cases, which shows that each of these earlier
calculations corresponds to a particular point in the EFT parameter space. This understanding of the relationship
between EFT and other ways of computing "Be(p, y)*B allows us to update earlier results for the dependence
of S(0) on asymptotic normalization coefficients and scattering lengths, since EFT separates dependence on
these asymptotic quantities from dependence on shorter-distance contributions to the matrix element. We also
summarize the fit to experimental capture data presented in our earlier work and explain why we obtain an
extrapolated S(0) with a markedly smaller error bar than that of the previous standard evaluation. Finally, we
demonstrate that the only N?LO corrections in ’Be(p, y)*B come from an inelasticity that is practically of N°LO

size in the energy range of interest, and so the truncation error in our calculation is effectively N°LO.
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I. INTRODUCTION

The nuclear reaction "Be(p, y)®B creates ®B nuclei inside
the Sun, where they quickly decay to produce neutrinos.
These ®B neutrinos constitute most of the solar neutrino
spectrum above 2 MeV [1,2] and thus nearly the entire signal
in chlorine- and water-based detectors [2]. Constraints on
neutrino properties and solar interior composition based on
this signal depend on comparisons of detected and theoretical
neutrino production rates, which require the 7Be(p, y)SB
cross section [2]. However, this cross section must be ex-
trapolated from experimental data above 100 keV down to
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solar energies around 20 keV using a theoretical model, and
the error associated with model selection dominates recent
evaluations [1,3,4].

The so-called Halo effective field theory (halo EFT) de-
veloped in recent years [5-15] is well suited to the study
of proton capture on Be, because there is a nice separation
of scales in the ®B system near the proton threshold. The
effective size of the "Be nucleus can be estimated by looking
at its lowest break-up channel, "Be — 3He + *He, which has
a 1.5874 MeV [16] threshold. This translates to an effective
binding momentum of /2My1.5874 ~ 70 MeV/c (My is
the *He-*He reduced mass ~12/7My). In developing our
EFT below, we take this as the high momentum scale A,
where the effective theory breaks down, corresponding to a
short distance scale A~! ~ 3 fm. The other scales relevant
to low-energy direct capture are small compared with A.
The binding energy of 3B in the "Be + p breakup channel is
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B =0.1364 MeV [16,17], which translates to the bind-
ing momentum y = /2MrB = 14.96 MeV/c. Here the re-
duced mass Mr = M,M_./(M,, + M_.) while M, = 938.272
MeV/c?, and M, = 6534.18 MeV /c?. (In our notation, n de-
notes a valence “nucleon” and ¢ denotes a “core” from which a
larger nucleus is constructed.) The static Coulomb interaction
between Be and the proton is important near and below
threshold, so the Coulomb momentum k¢ = Q. Q,, ey Mg =
23.9487 MeV/c (with Q. and Q, the particle charges) is
also a key parameter. This may be written in terms of the
channel momentum k and the usual Sommerfeld parameter
as kc = kn, and it also is small compared to A. Besides
“elastic” channels containing the "Be ground state, there is
a low-energy excited state of 'Be, with the excitation en-
ergy E, = 0.4291 MeV; the corresponding momentum y, =
V2MRE, = 26.5352 MeV/c is again small compared to A.
(Note that these numbers are slightly different from those
in our previous work [18], because here we update the *B
and "Be masses to the latest mass evaluation [16,17].) All
these momenta correspond to large distance scales ~10 fm.
As a result, we can consider 'Be as a “core” particle with
one low-energy excitation, and B as a shallow bound state
with both "Be + p and "Be* + p channels. Meanwhile, the
s-wave interaction between 'Be and p in the initial state of our
reaction—for which there are two spin channels—has scatter-
ing lengths that are markedly larger than the short-distance
scale. This is true in both the total-spin-one channel, where
ags, ~ 25 fm, and in the total-spin-two channel, for which
acss,y ~ =17 fm [19]. In that sense, the s-wave interactions
between core and proton are abnormally strong. Dynamics
associated with all of these low-momentum scales—y, k¢,
va, as well as 1/asg,) and 1/asg —can be accounted for
in the EFT framework. Based on this, an order-by-order
expansion in a parameter that is ~y /A = 0.2 exists for the
scattering and reaction amplitudes.

The resulting rapid convergence of the EFT expansion
reflects a prominent feature of all models of "Be(p, y)*B:
the dominance of physics at large length scales, i.e., small
momenta. Indeed, while the preceding paragraph examines
"Be(p, ¥)®B in the language of EFT, much of its physics con-
tent is familiar from the existing literature. One of our goals in
this paper is to elucidate the qualitative and quantitative con-
nection between halo EFT and these model calculations. Our
discussion emphasizes models that have played a significant
role in the community’s understanding and data-fitting of this
system. These include potential models in which ®B is made
of structureless protons and "Be nuclei interacting through
an effective potential [3,20-24], phenomenological R-matrix
models that avoid an explicit potential by reducing its effects
to a few fitted parameters [25,26], and “microscopic” models
in which 8B is a collection of eight nucleons. Until recently,
computational limits restricted microscopic models severely,
but they nonetheless incorporated important effects like core
excitation and wave function antisymmetry [4,27,28]. Com-
putational limits are less severe now, and true ab initio cal-
culations with bare nucleon-nucleon interactions and much
more complete computational bases have become possible
[29]. An extensive summary of existing models, including
shell-model and similar approaches that have seen less use for

data fitting, may be found in the review of Ref. [1]. (See also
one additional model [30] published since that review.)

In all models, the dominance of regions with large cluster
separation and effectively zero strong interaction is the most
important feature of low-energy direct capture. The main
difficulty lies in quantifying the influence of the short-range
interaction. In this work we show that an EFT formalism
can provide a convenient language for understanding and
comparing features of all models, and for fitting experimental
data with a minimum of tacit assumptions. EFT might also
provide a check on the computational consistencies of more
complex models and a convenient parametrization for dissem-
inating their results. It should also be useful for consistently
stitching together multiple types of information from different
experiments and calculations.

We have studied "Be(p, y)®B and its isobaric analog in
EFT and presented our results in a series of short reports
[18,31-33] (see the discussion at the end of this section).
This paper serves to present all the technical details that
have not been shown in those short papers in one place and
also to discuss the relation of our EFT calculation to other
models. Note that the same reaction has been studied in EFT
in Ref. [34] when our earlier reports were finished. Some
content of the present paper is parallel to that in Ref. [34], as
will be mentioned in the main text. Readers who are mainly
interested in the relation to previous models and data fitting
and do not care to read a detailed exposition of the EFT cal-
culation should skip Secs. II-III and begin with the algebraic
expression for the S factor given at the end of Sec. IV.

In Sec. II, a simple model is used to illustrate the EFT
Lagrangian and power counting in a Feynman diagrammatic
approach. Similar theories have been developed before in
systems without Coulomb effects [9-11]. A system with s-
wave nuclear scattering in the presence of strong Coulomb
interaction was also studied in EFT [13,35], and the related
capture has been studied in Refs. [14,36]. Here our power
counting is based on so-called velocity scaling [37], to han-
dle the effective mass scale in the nonrelativistic dynamics.
The power counting for the EM interaction is also made
transparent. Then we identify the relevant leading order (LO)
and next-to-leading order (NLO) diagrams for s- and p-wave
scattering, as well as particular diagrams that contribute to the
capture reaction. Our s- and p-wave scattering calculations
are based on a series of time-ordered-perturbation-theory
diagrams, which yields the Lippmann-Schwinger expansion
(LSE). The LSE is briefly developed in Appendix A, where
we demonstrate that the Feynman diagrams and the corre-
sponding diagrams in the LSE are the same. However, the
LSE calculation is more suitable for the non-relativistic case at
hand and also exposes the connection between EFT and con-
ventional quantum-mechanical calculations, especially for the
capture reaction. In addition, Coulomb effects and Coulomb
wave functions (discussed in Appendix B) are well developed
in the space coordinate, and the LSE enables straightfor-
ward transformation into coordinate space. The developed
Lagrangian, power counting, and calculational techniques are
applied directly in Sec. III to study the "Be + p system. The
major challenge there is to handle the spin degrees of freedom
and the low-energy excitation of the core, but the overall
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structure of the Lagrangian and the power counting is the same
as in the previous section.

With the EFT Lagrangian and power counting established,
the capture reaction is computed in Sec. IV. The relevant LO
and NLO diagrams are displayed there and their contributions
to the S factor are calculated using time-ordered perturbation
theory. Section V begins with a discussion of the EFT in
the language of existing capture models and vice versa. In
particular we show connections between the EFT formalism
and S-factor approximations that previously appeared in the
literature [38,39]. The section concludes with the results of
fitting our EFT to a selection of models [3,4,24,40] from
the literature. The fitted parameters locate published models
unambiguously in the space of EFT parameter values, and
show that our power counting works for those models.

In our previous LO calculation [18], we used the mea-
sured binding energy and scattering lengths along with
ab initio asymptotic normalization coefficients (ANCs) of the
8B bound state to fix couplings and find a S(E) curve in good
agreement with available data (within the uncertainty of the
EFT). The results showed significant dependence of S(E) on
the s-wave scattering lengths when all other parameters were
kept fixed. A mistake there is corrected in the current paper,
but the conclusion remains intact. The same LO calculation
was applied successfully to the isospin mirror of the present
reaction, i.e., 'Li +n — 8Li + y in Ref. [31]. By comparing
these two calculations [18,31], we found that isospin breaking
occurs at a momentum scale at or above the breakdown scale
A, so that the EFT parameters in the two systems are not the
same when the EM interaction is switched on and off. For the
NLO amplitude developed in this paper, we took a different
strategy to fix parameters. We applied Bayesian methods
to analyze the modern direct capture data, constrain EFT
parameters, and obtain stringent constraints on the low energy
S(E) even without tight constraints on individual parameters.
The major results were reported in Ref. [32] with some details
of the Bayesian analysis in Ref. [33]; we summarize these in
Sec. VI. Section VII then contains a discussion of effects that
are N’LO and beyond in the EFT. We conclude with a short
summary of major results. Two appendices contain details
regarding the derivation of the Lippman-Schwinger equation
in the EFT and the properties of Coulomb functions.

II. A SIMPLE MODEL

In this section we use a simplified model to explain the
power-counting rules for the EFT Lagrangian and Feynman
diagrams. We then identify the LO and NLO diagrams for
proton-core scattering in the s and p waves, and show that this
reproduces the Coulomb-modified effective range expansions
(ERE) for the two scattering phase shifts. The energy variable
E in the resulting T-matrix operator 7' (E) is then continued
from the positive- (scattering) to the negative-(bound state) E
region to locate and study the shallow bound-state pole. This
pole is the analog, in this simple model, of the ®B pole in the
"Be-proton scattering amplitude. This section adds details to
our previous brief reports [18,31] and also lays the ground
work for the realistic study of the "Be-proton system in the
next section. Although the power-counting discussion relies

heavily on Ref. [37], we reproduce it in full here, to make this
paper self-contained. In the process we tailor the arguments of
Ref. [37] to the context of light-nuclear reactions.

A. Lagrangian
The EFT Lagrangian is

v - ichA)z}
_—F—|C
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Here c, n, ¢, and 7*"? are the core, proton (“nucleon”),

s-wave dimer, and p-wave dimer fields and c.c. stands for
complex conjugation. The system of units we use has e =
le| = /aemdmhic, here and below we also take i = ¢ = 1.
Repeated indices are implicitly summed, as they are through-
out the paper. In the simple model of this section the ¢ and
n are spin-zero particles. Their masses are M, and M,, and
their charges are Q. and Q,. Meanwhile, the ¢ and 7w spins
correspond to the s-wave scattering state (zero) and the p-
wave bound state (one). These dimer fields are introduced
to simplify the EFT calculation [10,13,34,36,41]. Both have
mass M, = M, + M., and charge Q,. = O, + Q. Ay and
A, denote the dimers’ unrenormalized binding energies. Note
that the extra “—" for the free-¢-field piece of the Lagrangian
is introduced to reproduce a positive s-wave effective range,
as will become clear in later discussion—see Eq. (17b). The
interaction associated with A is a contact nc¢ coupling which
leads to nc s-wave scattering. A similar term generates the p-
wave interaction, but it is proportional to the relative velocity

= Zef
Vg = (V,, V. eMRA>, 2)
where operator V, (V.) picks up the velocity of the n
(c) particle, and Zeg/Mg = Q,/M,, — Q./ M., with Mg =
M,M./(M, + M,.) the reduced mass for the cn system. In
this coupling, the relative velocity dependence is required by
Galilean invariance; the photon coupling results from minimal
substitution on particle momenta.
It should be pointed out that if we take the usual convention
that, under time reversal, a field with spin J and spin pro-

jection m transforms as " (x,t) N (=D pm(x, —t),
then both the s- and p-wave interactions in Eq. (1) are even
under time reversal. Thus, under this standard convention for
a spin-J field, the factor of i in the m-n-c coupling that was
present in our previous publications [18,31] should, in fact,

034616-3



XILIN ZHANG, KENNETH M. NOLLETT, AND D. R. PHILLIPS

PHYSICAL REVIEW C 98, 034616 (2018)

be absent. However, this change makes no difference to any
physical amplitude that was calculated in those papers.

Adding the free Lagrangian for the photon, which is just
the canonical one, £, = —1F'F,, with F*' =3"rA” —
d"A*, to the matter Lagrangian of Eq. (1), then specifies
the dynamics—apart from some higher-order cny contact
interactions which will be discussed below.

B. Velocity scaling

Even without considering Coulomb interactions, the La-
grangian Eq. (1) naively exhibits three distinct energy and
momentum scales: the high (A) and low (kjow) momentum
scales associated with the short- and long-distance dynamics,
and the reduced mass My. The appearance of particle masses
obscures the power-counting discussion [10]. The so-called
velocity scaling proposed in Ref. [37] solves this problem by
guaranteeing the correct scaling of momenta and energies for

J

a non-relativistic theory. The low-momentum and low-energy
scales are rewritten as, respectively, MrV = ki, (relative
momentum) and My V? (relative energy).

Velocity scaling proceeds by defining the scaling factors
for space and time as A, = 1/(MrV), and X, = 1/(MRV2),
since these are the typical space and timescales of interest
in our EFT. We then scale space and time with these factors,
defining new, dimensionless co-ordinates, via x — A, X and
t — XT.The corresponding momentum and energy variables
are PY and P, definedby p — P /A, and p° — P°/1,; again,
P and P° are then of order 1 in the EFT power counting.
Meanwhile, matter fields are scaled by A;3/ 2 while A" is

scaled by (MR)@)_]/ 2, so that the normalization of the free
Lagrangian is the same after rescaling. Defining a rescaled
Lagrange density, £, from the original action S, via § =
[ d3XdT L we find that the matter and minimal-substitution

part of this rescaled Lagrange density is

s . 2 — . 5
L= [iao —~ i/QVCAO + ¥ MQZ“/VA) (1- f)]c + nf[iao - %Ao M Ze%”ﬁA) fi|n
e _ X 2
— ¢! [iao - i%“Ao v ’eQz’”‘/VA) fa—f+ A¢x,]¢
i nc % —1i ne VA 2 ljls
+7‘[Tl|:i80_e§v A0+( l€Q2 \/_ ) f(]_f)+Ankti|ﬂl+ﬁ¢TnC

+i~z,,\/7n“ nV,—-V.,— eZeff\/VA)i c+c.c.
[

Here f = M./M,., and h; = h;/My for | = s, p. For sim-
plicity, the symbols for the scaled fields, space-time deriva-
tives dp and V, and V, . are kept the same as before, but now
the natural expectation for all free-particle terms is that they
are of order 1, since, e.g., V,, — V, is the relative velocity
operator in units of the low velocity scale V. For a matter
field with four-momentum (P°, P) the propagator is now
1/(P° —1/2P%).

Essentially by construction then, the only dependence on
mass in the Lagrangian (3) comes through the fraction f. The
velocity scaling proposed in Ref. [37] indeed makes it explicit
that the velocity V is what determines the suppression or
enhancement of different terms in the EFT. As with the more
standard Lagrangian written in terms of momenta, explicit
factors of V in strong-interaction vertices will be compensated
by factors of V, buried in couplings, e.g., the appearance of a
V'V in the denominator (numerator) of the s-wave (p-wave)
interaction term means that, once the natural scaling of &, (i »)
is taken into account, that term will be enhanced by a factor
of /VA/V (suppressed by a factor of \/V/Vy).

Photon-matter interactions reveal the full benefit of veloc-
ity scaling, and in Eq. (3) we have also included the interac-
tions with photon fields that minimal substitution produces.
The factors of /V in the minimal couplings of Ay and A
photons are simply a consequence of the (different) roles of
time and space derivatives in nonrelativistic dynamics: the A°

photon coupling is proportional to ﬁ, while the transverse

3

(A) one is oc 4/V, so transverse photons are suppressed by
a factor of V relative to A° photons. Here, in contrast to the
strong interactions, the suppression is by V /¢, i.e., the velocity
V is to be measured in units of the speed of light—since
these minimal-substitution vertices are not sensitive to the
breakdown velocity V, it is not that ratio that controls the sup-
pression, but the (significantly smaller) V /c. Meanwhile, free-
photon propagation is also clearer in terms of velocity scaling:
for an on-shell transverse photon (e.g., the photon radiated
in the reaction of interest) its momentum and energy both
scale as Mg V2, but for an off-shell photon (e.g., a photon
exchanged between the charged core and the charged proton)
the two scale as MgV and MgrV?2. This is made explicit
by defining a rescaled free-photon Lagrangian density LT,,,
through S, = [d*XdTL,, which is

£, = 3A{(V - V)3, 8014,

—1AV2A% — V3, A9 A,;.

For the A° piece of the photon field that generates
the Coulomb potential the rescaled propagator is then

1/K?, while transverse (A) photons have a propagator
m(ai = %) In the last propagator, the factor
(VK®)? in principle should be expanded in geometric series.
However, if the transverse photon goes on shell (becomes a
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FIG. 1. The top equation shows the leading-order fully dressed propagator for ¢, D;;O (LHS), which results from the resummation of the

bubble diagrams (RHS). The propagators in these diagrams are the free ones D;O), as discussed in the main text. The lower equation expands
the filled oval as a series of 0, 1, 2,...Coulomb photon exchanges (double wavy lines) between the charged proton (solid line) and core (long

dashed line). This line labeling will be used throughout the entire paper.

“radiation photon”) that series needs to be resummed. A de-
tailed discussion of this distinction can be found in Ref. [37].
Since we will, for the most part, consider only internal photon
lines that obey the kinematics K ~ MgV and K° ~ Mg V?
we do not reproduce that discussion here.

C. Power counting for nc strong-interaction parameters

The power-counting for the Lagrangian will then be com-
plete if we can determine how many powers of the high scale
(now V,) the strong-interaction parameters /i, Ay, h and
A, carry. Naive dimensional analysis (NDA) applied to the
rescaled Lagrangian yields the scalings shown in the first row
of Table I.

We now consider the Dyson series for the ¢ propagator,
D}, shown on the first line of Fig. 1. Based on the rescaled
Lagrangian in Eq. (3), we can estimate the size of these
diagrams by counting factors of V in vertices and propagators.
If we adopt NDA scaling for Ay then it is order one, and
since the rescaled particle momentum are also O(1), the free
propagator of the s-wave dimer ¢ field, D;O) is O(1). The
diagrams that constitute the leading part of the ¢ self energy
are defined on the second line of Fig. 1. In this paragraph we
consider only the self-energy bubble without any Coulomb
interaction: the first diagram on the right-hand side (RHS) of
the lower line of Fig. 1. In contrast to standard EFT power
counting there is no need to keep track of factors from loops,
since the scaled-momentum integration in the loop calculation
is always of order 1. However, the one-loop self energy is
enhanced, due to the presence of a factor ﬁf ~ % Then,
for a natural Ay, each term in the Dyson series for the ¢
propagator is larger than the last, thus vitiating a diagram-
matic expansion for the dressed propagator D,. Following

TABLE I. The first row shows NDA assignments of scales for
strong interaction couplings, while in the second row are those used
to reproduce the dynamics in our problem.

Agphs hy/NV Axh h,NV
1 L 1 N
V, V. \4
? ? 1 %

Refs. [6,7] we ensure that each term in the Dyson series is
of the same EFT order by enhancing the unrenormalized ¢
mass, to Agd; ~ V—‘j‘ as shown in the second row of Table I.
With this counting each term in the first line of Fig. 1 is of
the same size (~V,/V). Since we have kept the &, scaling
unchanged this constitutes a fine tuning between the NDA
estimate of the self-energy bubble and the size of the dimer’s
bare mass. The fact that the rescaled A, ~ V,/V while the
kinetic, P* — f(1 — f)P?/2, piece of the inverse propagator
is still ~1 then also justifies dropping the kinetic piece of the
¢ propagator at leading-order in the EFT expansion. In other
words, under the scaling in the second line of Table I, the
scaled s-wave dimer propagator can be taken to be static at
LO: DY = -~ L.

For the p-wave dynamics, we follow the NDA assign-
ments. The p-wave bubble is then suppressed by a factor of
V/VaA—in contradistinction to the s-wave bubble. We will
see that this is indeed the correct power-counting conclusion,
except in certain special kinematic regions. Such a power
counting, in which the self-energy of the p-wave dimer is
suppressed relative to its kinetic part, has been used in earlier
EFT studies [9,10] of systems sharing the same feature of a
low-energy p-wave resonance. Those studies, were, however,
for neutron-core scattering, and so did not consider the role of
the Coulomb interaction.

D. Power counting with Coulomb

Turning our attention, then, to the power counting of
such Coulomb interactions, we first point out that s-wave
scattering with strong Coulomb effects was previously studied
in this EFT in Refs. [13,35,36]. We will now reiterate these
arguments, albeit in the context of velocity-scaling, for the ¢
propagator, and discuss their extension to the 7 propagator. As
already discussed, the self-energy bubble without Coulomb-
photon exchange, i.e., the first diagram on the RHS of the

VAxlX V"

from left-to-right in that ﬁgure each dlagram has an extra
exchange of a Coulomb photon. That results in the diagram

lower line of Fig. 1, ~ A. As we move

! The factor f(1 — f) ~ 0.1 in "Be-p system, which may suppress
the kinetic term further in this context. In general, f(1 — f) < 1/4.
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DNLO DLO
P Ry LO LO LO LO LO
o R B — + —il— + [ —il— . +. .o ]

FIG. 2. The NLO ¢ propagator D}*° as a sum of zero and one
insertions of the dimer kinetic energy term that encodes the effective
range. The bracketed diagrams containing two, three, ... insertions
are strictly higher order, but resumming them allows us to exactly
match the ERE.

acquiring an additional factor associated with the product of
the two Ap-photon vertices NM = ch = 1. (Recall
that the Ag-photon propagator is O(1) in terms of rescaled
momenta.) This factor, 5, is known as the Sommerfeld
parameter. In the energy region of interest here it is ~1.
The loop integrations also generate factors ~1, and so,
as long as n ~ 1, resummation of the ladder of Coulomb
photon exchange diagrams is mandatory. This then defines
the LO s-wave dimer self-energy: Xy ~ % Such a self-
energy, which includes the sum of the exchange of zero, one,
two,...Coulomb-photon exchanges will henceforth be denoted
by a shaded bubble. It follows that, in the kinematic regime
k ~ k¢, the addition of Coulomb photons does not change the
order of the self energy from the order computed with the
free nc Green’s function. It is just that now the self energy
must be computed using a core-proton Green’s function that
includes one-Coulomb-photon exchange to all orders in oep,.
That self energy is still—as in the oy, = 0 case—resummed
in a geometric series, as per the upper line of Fig. 1, and
this procedure generates the LO ¢ propagator, D;;O, in the nc
system.

To compute the dressed propagator at NLO, D}, the
second diagram shown in Fig. 2 should be included. The
vertex depicted there as a small filled box is the ¢-field kinetic
term that got demoted to NLO when we chose to enhance Ay
over its NDA estimate. We see that the diagram with the single
insertion of this vertex ~V—VA x 1 x V—VA, which makes it NLO

compared to the LO ¢ propagator, D;;O (we established that

is ~VLA). Note that if we wish to recover the effective-range
expansion exactly, not just order by order in the effective
range, then we must resum a geometric series involving this
kinetic-energy operator. This is the content of the terms in
square brackets in Fig. 2. However, strictly speaking, only the
second diagram on the RHS of Fig. 2 is NLO.

The situation for the p-wave dimer propagator, D, is
different. In Fig. 3, we show the Dyson series for this
case. Since AL, ~ 1, the rescaled free propagator DV =

! is also of order 1. Meanwhile, the p-

PO—2/1P%f(1—f)+Arhs

NLO LO
D, D, Lo A LO

—=—n+d\f+[

FIG. 3. The NLO 7 propagator, DY, is a sum of shaded SE
(Z,) insertions, by using the free propagator as the LO one, DL°.
Again shading the bubble diagram means a sum of diagrams with 0
to oo number of Coulomb photon exchanges. To differentiate the 7
propagator from the ¢ one, here, and in the following discussion, we
use a filled rectangle to label D,.

LO &\ LO < LO

+.. |

N\ N\
N\ N (0

FIG. 4. A LO diagram (first) and a NLO diagram (second) for
s-wave to p-wave bound state radiative capture. The LO diagram is
due to the gauged n-c-m coupling. In the second diagram, the filled
box is for the contact coupling term discussed in Eq. (6). Comparing
the two gives the size of the coupling L.

wave self-energy X, ~ VL, since the loops generate factors

of order one, for an arbitrary number of Coulomb-photon
exchanges, as long as k ~ k¢, and the coupling / p gives
suppression by a factor of V. Therefore the second diagram
on Fig. 3’s RHS is NVL and hence is NLO. However, as
argued in Refs. [9,10,42\], when the center-of-mass energy
(i.e., PY — P? /2M, in terms of the unscaled momentum) is
close to A, the leading-order propagator becomes larger than
the NDA expectation. In this regime the entire series shown on
the RHS of Fig. 3 must be resummed. This is the regime that
is pertinent to p-wave bound states in the proton-core system,
and since we are interested in ®B as a p-wave proton-’Be
bound state we must use that resummation here.

E. Power counting for radiative capture

Turning our attention now to electromagnetic reactions: for
a general diagram and interaction vertex the power counting is
similar to that we have done so far for scattering. The size of a
diagram can be established by the number of factors of V that
it carries. Consider the diagrams A and B that both describe
the same capture reaction. If diagram A carries a factor VN4
and diagram B carries a factor of VN5 then NDA states that

their ratio is:
VNA*NB B klow Ns—Np .
v = A ’ @)

since the explicit factors of V from the Lagrangian must
be compensated by factors of V, in couplings. (Note that
this assumes that the same types of photon, longitudinal or
transverse, appear in both diagrams A and B. Otherwise
factors of V, not V/V,, will appear.)

First we compute the order of a graph that results from the
gauged £, coupling in the Lagrangian, which is just one of a
set of LO diagrams for the capture reaction. (The full set can
be found in Fig. 7.) This first diagram in Fig. 4 is order V,
since it includes a factor of v/V from the wnc coupling, and
an additional factor of +/V from the coupling to the radiated
(A) photon.

Since EFT includes all interactions consistent with un-
derlying symmetries the Lagrangian Eq. (3) must be supple-
mented by terms that are gauge-invariant by themselves. The
leading such term that describes the E1 transition between the
s-wave and the p-wave dimer,

—ieZeiLpiw! E;¢, ®)

with E the electric field, contributes to the capture reaction via
the second diagram in Fig. 4, where the filled box means the
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L coupling. This is a contact term and it renormalizes loop
graphs that appear at the same order in the EFT exapnsion.
The factor of i ensures that this coupling is invariant under
time reversal. The factor was omitted in the Lagrangians for
short-distance electromagnetic operators that were given in
Ref. [10], but this does not affect any of the results presented
there.

After the velocity scaling discussed at the beginning of this
section is applied, the contact term changes to

_ieZeffZEIV%nTiEi¢~ (6)

Here the overall fa~ctor of the reduced mass has been elimi-
nated by defining Lg; = Lg;Mp. After this scaling the sec-

ond diagram in Fig. 4 is NEXLVDéO)eZeffZ,m V. Assuming

NDA for /i, and L, and inserting the power counting for the
s-wave propagator identified above, Dy ~ V/V,, produces
an overall scaling of V2 for the graph involving the E1 contact
operator that is proportional to the LEC Lg;. Thus, according
to NDA, the ratio of the second and first diagram should
be of order V/V,, which shows that the El contact term
contributes to the capture into a p-wave bound state at NLO.
(The counting is different if the reaction proceeds from a
p-wave scattering state, into an s-wave bound state [36].) This
also means that Lz ~ 1/V,, and hence Lz ~ 1/A.

F. Toy amplitude for s-wave scattering up to NLO

Having established the power counting through the use
of velocity scaling we now return to expressions in terms
of momenta. The discussion can be continued in terms of
velocities, and this has the benefit of yielding dimensionless
integrals. But the connection with previous work in halo EFT
is more straightforward if amplitudes are written in terms of
momenta.

The power-counting discussion of the previous subsection
is based on an expansion in Feynman diagrams. However, in
practice, time-ordered perturbation theory is more suited for
our calculations. In particular, the use of time-independent
quantum-mechanical perturbation theory allows us to employ
the Lippmann-Schwinger equation (LSE) for resummations,
such as the one that takes place for Coulomb interactions
between the proton and the core. This, in turn, allows us to
identify Coulomb wave functions—with all their well-known
properties—in our calculation.

In fact, since particle-antiparticle pair production does not
exist in this EFT, the intermediate states that occur in a
given Feynman diagram all have fixed particle content. For
proton-core scattering this diagram is the same as a particu-
lar contribution to the LSE time-ordered perturbation theory
series. The only exception is transverse photon exchange
between charged particles, for which an example is shown
in Fig. 5. Its LHS is the one-transverse-photon exchange
Feynman diagram, which in fact equals the sum of two time-
ordered perturbation theory graphs on the RHS. However, in
our problem, radiative corrections turn out not to affect the
result at the accuracy we seek. Therefore, in the following
calculation, we generate Feynman diagrams but then use the
corresponding time-ordered perturbation theory expression to
do the matrix element computation. This in no way affects

- TR

FIG. 5. Diagrams for nc scattering due to transverse photon
exchange. The LHS is the Feynman diagram. The corresponding
time-ordered perturbation theory diagrams are on the RHS.

the power counting, since the time-ordered and Feynman
graphs are equivalent. The LSE in the context of our EFT is
developed in Appendix A, which includes a brief discussion of
quantization, Fock-state definition, and calculations of various
matrix elements corresponding to vertices and propagators
in a Feynman diagram. Our notation is also defined there.
(While Ref. [35] used the LSE in their EFT calculation, the
connection to the original field theory is not fully explained
there.)

First we compute the ¢ propagator, defined in Eq. (A21)
as a matrix element between |¢) plane wave states. The
discussion of power counting above implies the LO free
propagator is static: D;O) should be defined as (P;|AL¢| P, =
27)8(Py — Py = @ )*8(Py — PL)DY (P, Py, E);
the “—” is due to the negative norm of |¢). Notice that
a general matrix element always has the (27)%8() factor
due to total three-momentum conservation in time-ordered
perturbation theory.

The ¢ self energy, Xy, is given by the sum of the series of
zero to infinitely many Coulomb-photon exchanges depicted
in the second line of Fig. 1. The matrix element is written as

Q2r)’8(Py — P)Sy(Py; E) @)
= (P,|W. : + 1
~ VP LE—Ho+i0t T E— Hy+i0%
1
We—e—o—— t o WP
“VCE " Hyrior T } 1Py)
= (PL|Wy—————W,|Py), 8
(PyIWs g Wl Po) ®)

where we have summed the series algebraically in the third
line by defining the Coulomb Hamiltonian, He = Hy + We.
Meanwhile, as discussed in Appendix A, W is the strong
potential in this system, and it produces an nc — dimer
transition. The first W, (reading from left to right) annihilates
n and c particles from the intermediate state and creates a ¢
in the final state, while the second W; annihilates the ¢ in the
initial state and creates a nc pair in the intermediate state.

To compute X4, we make use of the Coulomb-distorted
two-body states | P, x I(,i)) that are the eigenstates of H¢ [see
Eq. (A15)]. Here we omit the nc subscripts on momenta in
the nc Fock-space state; dimer momenta are still indicated as
such. We also introduce the intrinsic states, defined in the nc
center-of-mass frame, for the Coulomb Hamiltonian. With the
intrinsic Hamiltonian, HC defined as

7 Vz e2 c n
Y €00,

9
2MR drr ( )
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the intrinsic states satisfy Hc| X(i))> E| X(i))) with the

P2
relative energy E = E — # equal to the energy of the nc
pair in its center-of-mass frame. The matrix element of W,

can then be reexpressed as

(Py|Ws| P, X(i)) Q) 8(P — Py) (W, |X(i)>>,

(@IWslx5™)) = hex57(0). (10)

Note that since the nc¢ Lagrangian is a point coupling the
probability amplitude for the conversion of an nc pair into a
dimer is the product of the coupling &, and the size of the nc
wave function at r = 0.

By introducing these intrinsic wave functions, which are
the solutions of quantum-mechanical one-body problems, we
can use standard quantum-mechanical results to do our calcu-
lation. Inserting a complete set of eigenstates of Hc¢, and using
these definitions, the matrix element becomes

/ dP dp (P | 1
Qe 2rn)®" T E — He 400+
X P, x5V (P, x5 IW | Py)

1
= (27)’8(P4 — P),) / W —
- ! c+i0*
X NG IW19)). an
It follows that the self energy is only a function of the
Gallilean invariant combination E — % =FE,ie.,
S (Py; E) = b Jo(E); (12)

d3q X;Jr)* (O)X (+) (0)

3 — 2
@) E- i

Jo(E) =

=2Mp

d’q 2 K2 1
)3 14,0 g2(k> — g2 +ie) ¢2 ’
(13)

with k = v/2Mg (E + i0+). Similar results have been derived
in, e.g., Refs. [13,14]. Details about x,}i) (r) and the definition
of Cy,0 (ng =kc/lq| is the Sommerfeld parameter) can be
found in Appendix B. The integration diverges, however the
integrand has been split into a finite and a divergent piece, as
in the second step of Eq. (13). The first part yields kc H(n)/m
with

(=) Cr?q,od”q

H
(= 0 (;—TIZ-G-I'E)

1
= 1»ﬁ(in)Jr—z. —In(in),
in
(14)

n = kc/k, and ¥ (z) the digamma function [43]. The diver-
gent term can be analytically continued in terms of the space-
dimension variable d. The following integration is involved
[35]:
oo pZddn, (3 —d)F(3 —d)
/0 2t 1

Quy—d (15)

with ¢(x) the Riemann ¢ function. When € — 0, ¢(¢€) =
— gln(Zn), t(1+4¢€)= f(l 4+ Cge+---), and T'(e) =
é(l — Cge + - --) with Cg the Euler constant; at other inte-
gers n, ¢ (n) is finite. We use the power-divergence subtraction
(PDS) scheme [7,13] and subtract the pole at d =2. We
then use the MS scheme to remove the pole in d = 3 that is
associated with the Coulomb interaction and obtain

JO(E)=—%{/<C[H(H)—IH<M{>+ cE—1]+u}
(16)

where u is the dimensionful scale introduced to ensure the
correct overall dimensions of J.

As mentioned in the power-counting discussion of the
previous section, summing up all the bubble insertions shown
in Fig. 1 gives D} = —(A4 + £4)~". The NLO contribution
to Dy, as shown in Fig. 2, comes from the insertion of
the operator —¢'(idy — %)d), i.e., the second diagram on
Fig. 2’s RHS. However, to match the conventional ERE,
we can sum all of the bracketed diagrams in Fig. 2. This
leads to DY°0 = —(E + Ay + Zy)
renormalization conditions:

' If we then impose the

ap h?M C 2
(17a)
ro T
— = , 17b
2 M} (170)
we get
2 1 1 2
- =—— + 212 —2kcH(n) . 18
g Do a0+ cH(n) (18)

Even though here we work only at the level of the dimer
propagator we have chosen to already write things in terms
of ag and ry, which are the scattering length and effective
range in the s-wave ERE for scattering. We make three points
before moving on to discuss the scattering 7-matrix in the
next paragraph. First, setting k¢ = 0, Egs. (17a) and (17b)
recovers the corresponding relationships for a system without
Coulomb effects [10,31]. Second, the overall “—” sign in
the ¢’s free lagrangian in expression (1) is responsible for
generating a positive rg in Eq. (17b). Third, when PDS and
MS are employed, Ay is renormalized by the self-energy loop
diagram, but %, is not.

The scattering 7 -matrix diagrams are shown in Fig. 6. The
bracketed diagrams are due to pure Coulomb scattering. They
can be analytically computed (see, e.g., [44]), and won’t be
dealt with here. The so-called strong-interaction 7 -matrix,
i.e., the total T-matrix with pure Coulomb scattering sub-
tracted is

(P', p'|T — W¢ — (WC WC>|P9P>' (19)

E — He +i0+
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[ 1]

Lo( L0¥

/:’\ /:'j\

FIG. 6. The general scattering 7 -matrix caused by the Coulomb potential and strong interaction in s-wave channel. The bracketed diagrams
are the pure Coulomb scattering. The last two diagrams are the strong interaction LO and NLO T'-matrix.

Up to NLO it is due to the last two diagrams in Fig. 6. In terms
of matrix elements, it is

1 1
P . p|[1+W W,
{ p'( CE—HC+iO+) ‘<E—Hc+i0+>NLO

1
Wll+ ————Wc )|P, p). 20
<+E_HC+I.O+ c>| ») 20)

If the Green’s function (%) were sandwiched be-

NLO
tween |¢) states, then it would be DQLO. Thus, in the follow-

ing we define
Ty = Wo(E — He +i0)y o Wi, @21

with the first (second) W;—reading from left to right—
annihilates (creates) the ¢ particle in the intermediate state
and creates (annihilates) an nc pair in the final (initial) state.
We then use the dimer completeness relation to insert a
resolution of the identity as

ap Py (P 22
(—)/(27)3| (P 22)

(note the minus sign) and the previously computed dimer field
propagator in Eq. (18), as well as Eq. (A15), to express the
matrix element in Eq. (20) as

’ — 2
(P IT P, 3P = —@n)’s(P — P
R

-+ Erok2 - 2kcH(n)'

(23)

This matrix element can again be simplified to a delta function
times the matrix element between the intrinsic states:

(P x5 ITI P, xSP)y = @r)*8(P — P)Y((x5 1T, Ix5")).
(24)

Since the states | X(H)) are already defined, the intrinsic

operator T, is then defined by its matrix elements on this
basis. On shell the strong interaction T, operator, evaluated
on this, the “intrinsic Coulomb basis,” can be expressed in
terms of a phase shift 8o(E) [13,36],

27 200

7 +) = _°
(xy ITs(E)Ix5™)) = (= )MR Kcotdg —1)" (25)

Comparing Eqs. (23) and (25), and using the relation
Im[2k¢ H ()] = C; ok, gives the Coulomb-modified ERE up
to O (k?):

. I r
Cy ok(cot 8y — i) = “a + Ek2 —

2kcH(m). (26

This derivation clarifies how the Coulomb modified wave
function X;,i)(r) appears in halo EFT: it is the coordinate-

space representation of the intrinsic Coulomb basis |X,(,i))).
The separation of transverse photons from Coulomb photons
through velocity scaling also delineates the order at which
corrections due to those photons must be considered. (See
Sec. VIL.) As far as strong interactions are concerned, the next
correction to the ERE, which must be o k%, occurs in the EFT
via an effect that appears in the Lagrangian only at N°LO in
the VLA = kv EFT expansion [45].

Equation (26) justifies the use of the notation ay and ry in
the renormalization conditions in Egs. (17a) and (17b). Since
ap and ry are observables they are p-independent and this,
in turn, determines the p-dependence of Ay4. A, must absorb
both the d = 2 divergence that gives the x in Eq. (17a) and the
In  Coulomb (d = 3) divergence proportional to kc. Thus,
the short-distance physics is affected by Coulomb photons,
and so the separation of physics between dimer and cn parts
of the Fock space becomes dependent on the treatment of that
short-distance physics, i.e., only model-dependent statements
can be made about it. This, in turn, means that one cannot
define a scheme- and scale-independent strong proton-core
scattering length [35,46].

G. Toy amplitude for p-wave scattering up to NLO, and
computation of shallow bound-state properties

Figure 3 shows the diagrams for calculating the 7 propaga-
tor D! .. As discussed in Sec. I1 C, if we are in the kinematic
reglme where the free dimer propagator has a singularity then
we must resum the LO self energy to all orders, i.e., compute
the entire series shown in Fig. 3 [9,42]. As will become clear
by the end of this section, this is equivalent to requiring resum-
mation in the vicinity of a value of momentum k that is both
within the domain of the EFT (i.e., k < A) and satisfies - =

%rlkz, where r| is the p-wave effective range and a; the p-
wave scattering volume. In our case this condition is satisfied
at the 3B bound-state pole. It is not satisfied in "Be-proton p-
wave scattering, and so if our calculation were concerned with
that process we could terminate the series at NLO, i.e., include
the self-energy only perturbatively (cf. Ref. [10]) and still
have NLO accuracy. However, here the properties of the B
bound state are crucial to the calculation of "Be(p, y)®B, so
we resum the p-wave Dyson series to all orders to obtain the &
propagator.

The self-energy bubble in Fig. 3 corresponds to
(P, 7w/ \W,(E — Hc +i0%)"'W,|P,,n'). Due to rota-
tional symmetry, we can always define D}"TY =Dz 8; and
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%! ; = 8%, The latter can be evaluated through

i 4P dp Pl 1 ) ) i
i (27.[)3 (271,)3( |Wﬂm|l) Xp >(P’Xp |W[7|P7177T )
P, i 1
=Q27)’8(P, — P! / T W,y————|xP W, | 27
(27 )78( x) (2n)3<< | pE_HC+i0+|X Nxp Wl ). 27

Here we again introduced the solutions of a one-body quantum mechanics problem, as we did in the previous section, i.e., we
write (P, 77 [ Wy | P e, x52) = Q) 8(Ppe — Po){(m/ [W | x5™)). This time though, the overlap of the p-wave dimer and the
nc state is given by

(T [Wplx 52 = ” 3]x(i>(0) (28)

The cm-frame energy is, once again, E = E — P2 /(2Mg), so we write 3, (E) = :4—7;2{]1 (E), with

diq 1[07 <+)*(o>][a,xq+)<0)l

@my'd  E- o tic
RKZ [N 3 3 4 72
2kel| 1 —ZCp+-|-3u[1+=
c| In ke 5 E+3 ull+ 3
Mgk> uvmT\ 3 4
2ke|1 —ZCp+-|-3u}. 29
+ 0 ke[ (A7) = See 5| - 3 29)

Equation (B3) has been used in this derivation, and the divergent parts are again removed using PDS and MS. Summing up the

JI(E) =

= (MR
= () kK

bubble diagrams gives D, = (E+A,— 3, )_l. The parameters are renormalized to give scattering volume a; and effective
range r (i.e., the first two parameters in the ERE of the p-wave scattering phase shift):

-) MR A, u/T 3 4 5 7?2

—~ =(—)6 2kr|In{ —— ) — =C | =3uksl 1+ — ), 30
@ (=)o h[) + C[ < ke SCE + 3 mkel 1+ 3 (30a)
1 37 UN/TT 3 4
— = (- 2kc|In —=C = —3u. 30b
5 ( )h2 + c|: ( ke ) SCe+3 W (30b)

We notice in the above expressions that—in contrast to the s-wave case—both A, and /4, are renormalized by the self-
energy loop diagram in PDS; both also absorb k¢-dependent logarithmic divergences for which we have used MS. As for Ay
in the s-wave case, the presence of kc-dependent pieces in the LECs of the “strong” Lagrangian means that isospin symmetry
is broken—and here the breaking has more physical consequences than in the s-wave case, since it affects both r; and a;.
Notice again that setting k¢ = 0, the two equations reproduce the corresponding relationships for the system without Coulomb
effects [10,31].

The propagator can then be expressed as

67 M, 1 1

.
T H(DFO) T = s SR =R 2k H ). 31)

The corresponding strong-interaction 7" matrix, evaluated on the Coulomb basis, is
+ r k2 K21+ nz)ZkCH(n)

= 27)*8(P — P')((x! >|T (E)Ix(+)>) (32)

(P, %y IT(E)P, x5") = —(27)*8(P — P)—

Here T, = W,(E — Hc + iO*)*1 W, with, as before, the W, operators producing the transition from the dimer state to the nc
state. The on-shell strong interaction 7 -matrix is related to the strong phase shift §; (E),

(%4 e2ion
( T (+) - -
((Xp 1T (E)|X ) = T Mg k(cots, — 1) (33)

As a result, the phase-shift ERE can be expressed in the convention used in Ref. [47]:

1
(3C,.1)*k (cot 8 — i) = —E+%kz —k*(1 4+ n*)2kcH(n). (34)
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This convention is different from the one used in Refs. [34,48]
and has the advantage of approaching the non-Coulomb ERE
in the k¢ — 0 limit. In our previous work [18], the factor 3 in
(3C,,_,1)2 was missing.

The EFT can generate a bound state in the p-wave chan-
nel, corresponding to a T-matrix pole at E = —B < 0 with
B ~ Mg V?. This requires D;'(k =iy) = 0 (y = /2MrB),
which, after we resum the Coulomb bubbles to all orders, as
we must near the pole, means

1

r ~
- 3‘% +y2(1=n3)2kcHp) =0.  (35)

Here ng = k¢/y and H(z) = H(—iz). D, has other poles
too, but in this, two-body, calculation we are only concerned
with the shallow bound-state pole. Note that, as promised, the
pole involves a cancellation between the 1/a; and r; terms
in the ERE, and so the nominally higher-order terms ~k¢y?
must be included: their effect on the pole position is not
higher-order.

Having located this pole, the remainder of this section aims
to extract the so-called asymptotic normalization coefficient
(ANC) of the bound-state wave function [10,48,49]. Here
we will derive the relationship between this quantity and
the wave-function renormalization. The latter quantity is the
residue of this pole for D (E):

6

Z=- hz{n—zkc[zH(nBHnB( - 0)A ap)]}

(36)
Wlth I:I,(T}B) = %?(7)7)'77—
Green’s function between states having plane-wave CM mo-

tion and a relative coordinate r can be related to Z in the
following manner:

! P
—| ,r>]

1 1
= Res| (P, r/ T,(E P
GS[( ,rIE_HC »( )E_HCI ,r>}

. Second, the residue of the nc
nB

Res|:(P’, r'|
E

2 / i’ ( )% (=)

=Q2r)8(P-PHZ-L hy 51/ dq’ (3 x (0))Xq )
M2 "] )3 B4 4 ZMR

d’q (8.in+)(0))X(+)*(r)

3 .
(27‘[) B+ m

(37

The first step relies on the fact that the pure repulsive
Coulomb potential does not produce a bound state, i.e.,
(P',r'|(E — He)"'|P, r) does not have a bound-state pole.
To proceed further we use the partial-wave decomposition of
X(;i)(r) in terms of F;(q, r) [see Eq. (B5)] in the integrations.
According to Eq. (B3), 9; X‘;H(O) aligns with ¢, so integrating
over ¢ picks out the Fj(q, r) term, which then can be related
to the Whittaker functions through Egs. (B7a) and (B7b).

Thus, we get
dq (9,470 (r)
2m)} B+ q—
Zi Yy;(F) /OO - 2:1‘12 F(2—in)W,~,7,%(2iqr)
+TQ+inW_,, z(—2lqr)]’
My 2Q2yr)
\/3_]/1*(2 + ,73) Y1 (7). (38)

The last step uses the fact that g[I"(2 £ in)W. Fin,2 (2igr)] is
analytic in the upper (lower) half of the complex -q plane
including the real axis (see Appendix B for proof). Note that
for any real r the oscillatory behavior of xéi)*(r) guarantees
convergence of the integral as long as r # 0. Equivalently,
it is the Whittaker functions that ensure that when Cauchy’s
theorem is used to evaluate the integral over g the piece on
the contour at ¢ = oo goes to zero. However, if r = 0 this
oscillatory/damping factor is absent and the integral diverges.
As long as r, r’ # 0 though, Eqs. (38) and (37) show that the
nc Green’s function has the form

Res[(P',r'|(E — H) '|r, P)]
= 2n)’8(P — P)C2Y{ (F)Yy; ()
Wo 3 CY Wy, 5 )

r'r

(39)

where we have identified C? as the squared ANC. Explicitly

inserting Eq. (38) into Eq. (37) C? is then found in terms of

the wave-function renormalization Z as

h?) 212

—y T2+ np)Z. (40)
37

To check our calculation against the results in Ref. [48], we

take the limit ng > 1, where H(n = —ing) = —1/(12773)

applies, and find C? ~ —2y2TI'2(2 + np)/(r; — —) This is

consistent with the ANC computed in Ref. [48]. However in

our study the np > 1 condition does not apply, instead we

have ng ~ 1.

C? =

III. "Be-PROTON CASE: LAGRANGIAN, SCATTERINGS,
AND BOUND STATE

In this section, we apply the methods developed in Sec. II
to study the "Be-proton system. The additional complexities
reside in the particle spins and the presence of a low-energy
excited state of the core, "Be*. The pertinent quantum num-
bers J are 2 * for the proton, ; for the "Be core, é for the
core excitation “Be*, and 2% for the 8B ground state. We can
write the gauged (but not rescaled) free Lagrangian for all the
degrees of freedom in a very compact notation as

(% leA Q)2

£0=w[iao—eQAo+ +A}/f. (41)

AR
—qbgf), —¢(Tg), 71y with ny, ¢,, ds, 7, the fields

Here s = (14, Ca» ds, d1)i» P2y o)’ and
(n'o, cte, d,
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of the proton, "Be, "Be*, and *B; ¢{;, and ¢@, are the two
s-wave 17 and 27 dimer fields, respectively. All the fields’
indices correspond to the spin projections with a specific

convention: 0,8,0’,8 ==+1/2, a,a = =+3/2, £1/2,
o, p==2,£1,0, and i, j,k==1,0. The daggered
fields are, e.g., nle = = (ny)*. The mass matrix M =

Diagonal(M,, M., M., M,,c, M., M,,.) and the bare binding-
energy  matrix A= Diagonal(0, 0, —E, Ag1, Ag2, Ax).
(Ex is the excitation energy of "Be*.) The corresponding
cha.rge matrix @ = Diagonal(Q,,, Oc, Oc, Ones Ones One)
WithQn =1, Qc:4’ an: Qn+Qc:5

There are three different interaction terms between the s-
wave ¢(1) and ¢y dimers and the nc state; these generate the
strong s-wave 'Be-proton and "Be*-proton interactions,

Ls = hes)dl) T,

+hisy b T Nacq + c.c. 42)

" 5
NngCq + h(f‘Sf‘)(bH)T[G I’lo«dg

The couplings’ lower indices explain the interaction channel
quantum numbers; the associated 7 - are the correspond-
1ng Clebsch-Gordan coefficients [31], e. g, 1,7 = ({iloa)) =
(20 2a| li)and T7¢ = (20 5al2a). hiss,y and hsg,) are related
to the “unnaturally” large s-wave scattering lengths [13,18].
However, based on the fact that the "Be-proton inelasticity is
small [50], we assign h5;), which describes the only inelastic
channel at these energies, 'Be + p <> 'Be* + p,as NLO, i.e.,
hosp/hosy ~ hesp/ hesy ~ v = H [18].

There are also two terms that generate interactions between
the p-wave dimer 7 and the nc pair, as well as one coupling
for the "Be*-p-7 interaction (the spins of "Be* and the proton
only allow such an interaction in the s = 1 p-wave state):

Ep = T[TO[ [h(3p2)TaijT;~aa + h(sz)Taﬁj Tﬂ‘m]n” VR‘/'CC,
+heppy T T 0, V gids + c.c. (43)

Based on NDA, we expect the three couplings to have roughly
the same size, as all are natural.

Following the same procedure used in the toy-model cal-
culation, we compute the ¢(;) and ¢y propagators, which
we must now write as D¢18; and D¢,28§, with the sub- and
superscripts providing spin indices. We then compute the 1~
and 2~ channel strong-interaction 7 matrix, which is defined
in Eq. (21). Note that in the remainder of the main text of this
paper, whenever we refer to the equations in the simple model
discussion, the Hamiltonian in those equations is re-derived
from our realistic Lagrangian, and the Fock states include the
spin degrees of freedom properly.

The LO self-energy bubble diagrams—see Fig. 1—for
the two fields come from the "Be-p intermediate state. The
d +n < c+n amplitude is suppressed by heasn/hes)) ~
""f compared to elastic scattering. The “Be*-p s-wave
contribution—which because ’Be* is a spin-one nucleus
only exists for the qS( 1y dimer—is therefore suppressed
by Nh%*s;f)/h(%sl) (?s*)/h(ss) k2., /A%, and is thus an
N2LO effect in the self- energy calculation. (Note, however,
that these scalings also imply that the "Be* channel con-
tributes to the total "Be-proton amplitude already at NLO.)
As a result, the two s-wave dimer propagators have exactly

the same structure as in the toy model; the renormalization
conditions in Egs. (17a) and (17b) can be used directly to
connect (Ag1, hpsy) to (aps,), res)), and (Ago, hss,)) to
(acs,), '¢s,y))s the fully dressed propagators are

() Z pii=— L TR )
MRh(Ws) /! agcsy) 2
= [Ny (E)] 7,
()= T ()
Mrhiss,, ” acs)
= [Ngp2(E)]™!

Here & is the nc relative momentum, equal to +/ 2MRE +i0+
with E = E — P—ZR. The strong interaction (in)elastic T -
matrices can then be calculated straightforwardly as the prod-
uct of a cn to dimer vertex, the dimer propagator, and the
hermitian conjugate of the incoming vertex, as was done in
Egs. (20) and (23). Here we only show the relevant results:

((xy s o) IT(E) xS, (ne)))

= (—)8 —N¢1(E)x( H(0)x$(0), (44a)
(X (o) [T(E)|xSP. (ne)*))
= (—)8%, —N¢2(E)X( H(0)x5(0) (44b)
((xy s (nd) |TL(E)xS, (ne)))
e 2w hesy =%y ()
= (=)8 — MR ho, Ny1(E) x5 " (0)x$P(0).  (44c)

This notation indicates that we have coupled the pro-
ton and core spins to a particular total spin s: s=1,
() = Toa ' In%, ) s =2, [(ne)") = T “In, ),
and, for the case of the excited core, s =1 again:
[(nd)))) = TT(S In°, d%)). To compute the matrix elements
between direct product spin states, we simply invert
these relations: |n?, ¢%)) = Ti““l(nc)iﬂ + T,7%(nc)¥)), and
|n?, d%) = Y‘i"‘sl(nd)i)) + Ta3|(nd) singlet)), where the last
component, involving the § = 0 proton-’Be* state, does not
couple to any dimers. For the first two matrix elements we
have elastic "Be-proton scattering, and the initial and final
asymptotic 7Be -proton relative momenta are p and p’; with

2
E_ZM: "
»

mg, and in that case the on-shell condition is E = W =

£ 4 E,. To get the inelastic T-matrix with "Be* in the
1n1t1a1 state, we simply exchange the initial and final state
quantum numbers in Eq. (44¢). Elastic "Be*-proton scattering
is suppressed by two orders compared to "Be-proton elastic
scattering and hence is not discussed here.

. In Eq. (44c) we consider inelastic scatter-

hgex
.. . .. As¥y . .
Summarizing, because the inelasticity }H—‘ 1S parameteri-
S

cally small (~kjoy/A), the ERE in the 38, channel looks the
same (up to N2LO) as that in the 3S, channel, where 'Be*
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TABLE II. The channel-dependent factors needed to obtain the matrix elements of T,, in different spin-one channels |(nc)’)). These are

multiplied by the overall factor of Eq. (48).

|(nc)*)) |(de)))

(1T, 1)) |(ne)))

(((ne)'| T T b pyhen,)
(((ne)”| T} LT hspyhen,)
((na)'| T} T hapgyhens)

T Bpaj

Ty Ty heppher)
T Boaj

Ta’j’ T/S h(SPz)h(SPz)
T Boaj

T T hepsyhepy)

ey
Tyj"Tg" horhery)
ey
Tot’j’ T/S h(SPz)h(BP?T)
i B

Ti’j’ Ty h(3p2*)h(3p2*)

cannot play a role, therefore,

1
C2 pk(cotix) — i) = ——— + 2

acx)

— 2kc H(n),

X =38,78,. (45)

Turning our attention now to the p-waves, in the p-wave
self-energy bubble both "Be-proton and ’Be*-proton contri-
butions are at the same order: The computed ANCs (see
numbers at the end of this section) suggest the ncw and ndw
couplings are of the same order. Therefore, both loop contri-
butions are summed to obtain the dominant piece of the one-
loop self-energy, and we get the (resummed) full propagator
(= D 3%)

67 M, 1 r
()3 D; = —— 4 2k = 2kek> (1 + n*)H ()
hPt ag 2
h% 3PY)
—2kc Wk%+wmw
Pt

= [N, (E)] " (46)
Here, h%,t = h(23P ) + h(sp ¥ YA = +/2MRE*, k. =
V2Mg(E — E*) +i0+ =/k2 — y2 +i07, N = ke / ks,

and (using PDS and MS)

- Mg A,
O Cen RO 4+ ”” 2k3 ”)
a hPt ke

2

h
CP) o e 3 4
— 2kc| 1 —=C -1 =3ul,
h%t yA|: C(n( kC ) 2 E+3 1%
uN/TT 3 4
= 2kc| 1 —=C —]1-3
()ha i C(“( h:) 2 E+3) ‘4

héP )
x |14 pel R 47)
Pt
The (in)elastic strong interaction T -matrix in the 2% channel
can then be calculated in the same way as Eq. (32) was,
i.e., by multiplying by the vertex factors associated with the

overlap of the nc and dimer states. To get the strong interac-
tion T-matrix elements, we therefore multiply the numerical

coefficients associated with a particular channel, and given
in Table II, by the channel-independent dimer and vertex
factors:

(— )———-fﬂ (E)a/ x5 " (0)3; x 5P (0). (48)

Here the initial-state and final-state relative momenta are p
and p’ (whether the relevant channel is elastic or inelastic),
but we reiterate that for on-shell inelastic scattering the n-d

relative momentum p, is given by E = M + E.. Also note
that in this inelastic channel, the Coulomb potential has a
negligible influence compared with the strong interaction.

Once inelasticity is involved a; and r; are not related to
the scattering phase shift as in Eq. (34), but since they can,
in principle, be measured through the T-matrix, a; and r|
can be used as the renormalization conditions, i.e., they do
not have renormalization scale dependence. This connection is
straightforward when k < y,, i.e., far below the proton-7Be*
threshold. There D! can be expanded in Taylor series. By
keeping terms up to k2, we see that redefining the scattering
volumes and effective range, according to

2

=) _ =

R h% 1 -
%zg— (k4mMH-m( UHMJ,
Pt
(50

recovers the elastic scattering ERE with 4; and R; as ERE
parameters, i.e.,

1 R,
3C, 1)k (cotd) —i) = —— + —Kk?
(BCy, 1)k (cotdy — i) a + >

—2kck*(1+n*)H (). (51)

That is to say, far below the threshold the core-excitation
contributions are subsumed into redefined ERE parameters.
For the "Be-p system, na = ya/kc =0.9, H(na) ~ 0.1,
H' (na) ~ —0.1, s0 A; &~ a;, R; ~ r;. However, we empha-
size that Eq. (46) represents different assumptions about the
analytic structure of the "Be-proton amplitude than those that
lead to the standard ERE.
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In this situation of a core excitation we can again compute
dD;'/dE atthe E = —B pole to get the residue of Dy,
6

—— = Iy ri = 2ke{h,[2H (1p) + s (5 — 1) H (n8)]

+ s s [2H (182 + ne(ng — 1) H (18]}, (52)

with np, = ';—‘ Then it is easy to compute the bound-state

ANCG:s by plugging the elastic scattering matrix elements [see
Eq. (48) and Table II] into Eq. (37). We find

C(23P2) _ C(25Pz)
hep, T2 Q2 +mp)  hp, y?T 22+ np)
_ Corp)
G Y22 4 )
z

=3 (53)
These ANCs have been calculated using ab initio
methods [49], yielding C(23P2) = 0.0990(57) fm~", C(25P2) =

0.438(23) fm ™!, C(%P;) =0.1215(36) fm~'.2 The first two
of these come from the same wave function and Monte Carlo
walk, giving them a correlation coefficient of 0.672. Proper
inclusion of these correlations in the Monte Carlo uncertainty
was new in our latest work [32], as compared to the earlier
Ref. [18]. However, we note that the errors still do not include
any estimate of the uncertainty due to the Hamiltonian
employed or the precision of the variational wave functions.
We find that the ANC central values are reproduced when the
parameters used in Eq. (46) are

2
haps)

= =0.2749, r; = —0.3102 fm ™', a; = 1127.7 fm’.
Pt
(54)

Extra decimal places beyond the precision of the ANCs are
provided to aid those wishing to reproduce our calculations.
We note that these values agree with the power counting
proposed above, i.e., h@p,y ~ hep) ~ hepy), 11~ A, and
ar ~ 1/(Ay?).

They are, though, a little different from those published in
our previous work [18], because

(1) We corrected a mistake in that publication: there was

an extra factor y*/y after hé ) in the quantity —67”
in that paper, as compared to the one computed in
Eq. (52) of this paper. This changes the LO to NLO Z
ratio, Z° /Z from 0.87 to 0.955, which also increases
the C(07/Cl. ratio from 0.87 to 0.955 and makes

our LO S(E) results in better agreement with data

2The ANC for the excited state is not readily accessible in trans-
fer reaction experiments. However, the other ANCs quoted here
have values consistent with DWBA analysis of transfer reactions,
by which Ref. [79] found C%, =0.414(43)fm™! and inferred

) ) (i’l’z)
C%,, +C%, = 0.466(49) fm".

N Iy
N Lo by

im L P L

M an (1) av)

FIG. 7. The LO diagrams for radiative capture to a shallow p-
wave bound state. The open elongated box denotes the LO propa-
gators for the s-wave ¢, and ¢y dimers. The black filled box is
the 8B state. The particle spins are not shown explicitly here, but
discussed in the main text. These four diagrams NV%(VL)%. The
corresponding diagrams with the photon coupled to the proton line
are not shown here for simplicity.

in Ref. [18]. Note, however, that that work’s major
conclusions are not changed;

(2) The binding energy is updated from B = 0.1375 MeV
in Ref. [18] to 0.1364 MeV in the current work.

We emphasize that our latest work [32] is not affected by
these changes.

IV. CAPTURE REACTION AMPLITUDE

The capture reaction is studied in detail in this section.
Figures 7 and 8 show the LO and NLO diagrams. According
1
to the power counting, the LO diagrams ~V2 (VLA)2 , while the
3
NLO ones NV%(VLA)Z. Note that diagrams (VII) and (VIII)

differ from (III) and (IV) by having "Be* in the intermediate
state instead of "Be. The last diagram, (IX), originates from
the E1 contact terms from the Lagrangian, which produce
NLO effects for the process of interest here:

CC = — ieZeflenT"‘TajiE,-d)(l)j
—ieZetLyw TP Ei¢)p + c.c. (55)

These terms are built as in Ref. [10], which itself followed
Ref. [51]. The structure is the same as Eq. (6), except that
here spin degrees of freedom have been included. According

N\ ; N
N LO LO b\ N Lo

%)
\\ LO 2% % \\ LO
|
(VID) (VIII) (IX)

FIG. 8. The NLO diagrams for radiative capture to a shallow

p-wave bound state. They scale as V%(%)%. The filled boxes in
the (V) and (VI) diagrams are the effective range correction contact
coupling, as used in Fig. 2; those in (VII) and (VIII) are the & py)
couplings (the dotted line in the bubbles labels the "Be* field); the
one in diagram (IX) denotes the L; and L, El contact couplings
defined in Eq. (55).
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TABLE III. The different classes of capture mechanisms which
different diagrams depicted in Figs. 7 and 8 involve, at leading order
(first line, see Fig. 7) and next-to-leading order (second line, see
Fig. 8).

to the power counting discussed at the end of Sec. IIE, L »
should scale as 1/A.

As preparation for the full result, let us use Eq. (A20) to
compute the E1 matrix element of an operator, Lgy, that
operates between nc Fock states and produces single-photon

EC CX SD radiation (see Fig. 10). Here we will relate the overall matrix
LO -1V element of Lgy, to that of the operator that acts on the nc
NLO VoVI VII-VIII IX Coulomb wave function:
(PaXp/ ) P A)\ C |LEM|P_0 X(+)7 7 Ca)
o - eQ - r * QC z r *
= @rPS(P + P)o28 8| (xS 15t e P er - plxi)) — (xS 1S5 -Prres - kD))
ne Mn Mc
y =0 3 ’ oga (=) Zet * oz ()
= @r)8(P + Py)8; 8, ((xy le—¢€ - Plx, ) (56)

My

In the expression, as well as in the following discussion,
P is the momentum operator operating on the intrinsic | ))
state. The last step in the above derivation keeps only the
leading-order term in an expansion in powers of P,r, i.e.,
it is valid in the P, — O limit. The next-order terms in that
expansion correspond to E2 and M1 contributions, which we
will discuss in Sec. VII. Note for the matrix elements between
"Be*-p states, the same results apply; they are not shown
explicitly here.

In the following, the s = 1 channel is used to illustrate
the calculation details; the s = 2 result is closely analogous
and will simply be stated at the end. We choose the frame
where the total initial nc momentum P = 0. We consider
the case that the photon is emitted, i.e., the radiative-capture
reaction, so the final nc system will then be recoiling with
a momentum — P, . We decompose the amplitude that con-
tributes to this process into three contributions: from external

J

(

capture (EC), where the photon is emitted from the proton or
the core; from core excitation (CX), where the excited state,
"Be*, participates in the reaction, and from short-distance
contributions (SD). (Contributions which serve only to ensure
current conservation, e.g., diagram (II), are associated with
whatever part of the amplitude they conserve the current for.)
This means that the amplitude, M, is written

M = Mgc + Mcex + Msp. (57)
At LO only external capture contributes, but the other two
mechanisms enter at NLO. In fact, at NLO, and for an
arbitrary renormalization scale, the distinction between EC or
CX, on the one hand, and SD, on the other hand, is scheme
and scale dependent. But we still find it a useful mnemonic
for the computation of the different diagrams (I)—(IX), which
can be classified in this way; see Table III.

A. External capture: diagrams I-VI

We write the initial spin state as |(nc)')), and focus on (7%, A*|L gyl X(+) (nc)’). Since we set the initial P = 0, hence

E = E. The first diagram’s contribution in Fig. 7 is

(Py, P, 1% AW, Leulxs?, (ne)')

E —Hc+i0*

dp' dp' dP, N
= Z / 3 3 7(Px. Py, 1% ATW,
v ) @Qr)? 2ry () E

x (P, x50 Pl AY 0% ¢ | Lpmlx ST, (ne)')

— Hc +i0*

1

’

|P/ ;7&-), P/ A,\ o a/>

1 )

y_o 3 p/ o
=" 2n) 8(Pﬂ+PV)f—(2n)3((n Wy— -

Zar ,
xS e e =T €x - plxSH).

Mg & (58)

We define the matrix element without the total-momentum conserving 8-function and its associated factor of (27) as M;. In

the last expression, the propagator is changed to (E — P,

‘P ‘ — Hc)™!, because for the nc system in the final state, the

effective energy is the total energy E minus the photon energy |P | and the 8B recoil energy. However, the 3B recoil energy is

2

2M,. 2M

L~ ~ 107° MeV, and so is small compared to B, | P, |, and the typical E.
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We now use the identity 47 Zett ¢ op=i Zewt[He, €5 - r]. The nontrivial part of the matrix element Eq. (58) can then be written

1

My = —ieZe((m*|W pes - rlxSD, (ne))) —ieZew(B + E)((n*|W )—————¢€;
I e { (%] worlx s ( ))) eff( M(r® "B T g0t

€5 -rlxsP, (ne))). (59)

The first term is calculated using Eq. (A18):

ih
—ieZer{ (T (W pes - PIxS". (ne))) = —ieZexTINZ f dr'd’r ")3l S )@y g e ()
R

= eZnT,'NZ - = hor, x5 (0): (60)

Here €] ; is the jth component of the outgoing photon polarization vector (with helicity A) in the coordinate system where the

outgoing photon (and hence the outgoing 8B momentum) are aligned with the 2 axis. Spin projections of massive particles are
also measured along this axis. Note that since we are calculating the reaction amplitude using LSZ reduction [52], we have
multiplied by a factor of +/Z, to account for the final-state wave function renormalization.

Meanwhile, diagram II of Fig. 7 generates an amplitude M/; that involves the gauged p-wave interaction term in the
Lagrangian [see Eq. (43)]. It can be written as

eZe
My = =T} N Zhep, M“e;J £9(0). (61)

This cancels the first term in Eq. (60), leaving

1
—B—H¢ +i0+ €

3 (2yr)
= —T, eZeCppy(B + E)/d3 fylj(f)e; xS, (62)

M+ My = —ieZe(B + E){(7*|W, rixs, (ne)))

We see that the EM J - A coupling used in diagram (I) and (II) is now reduced to the dipole radiation operator in Eq. (62),
reflecting the well-known Siegert theorem [53].

Let’s now turn to M,;; and My, which represent corrections to M; and M/ due to the strong initial-state interactions
that generate large s-wave scattering lengths in both spin channels. To simplify the presentation, we also compute the NLO
diagrams V and VI (corresponding amplitudes My and My ) here, so that we obtain all strong-interaction corrections to
external capture at once. The sum of the corresponding diagrams without Coulomb effects has been shown to be finite in the
study of the isospin mirror system, i.e., 'Li-neutron radiative capture to 8Li, by computing loops in terms of momentum space
and PDS regularization [10,11,31]. The sum of diagrams III-VI is also finite in this case, where Coulomb is included. After

applying the identity %; Zeti ¢ P = iZest[He, € -rl, My + My becomes

— 1 eZeﬂ * 1

T4 W — 7, — T ) (ne
Wy o e P T e
= —ieZu(B + B (w Wy —— €] Tilxy",s (ne)))
“B—He " "E—He+i0t
e Zar (AW € - P T 17, (1)) + i€ Zear (AW y—— e - FT XD, (). (63)
E—He+i0+ _B—He

Here T is the s-wave T-matrix operator up to NLO operating on the single-particle wave function. The “—B” term is used in
1/(—B — H¢), because the radiated photon takes away all the available energy in the reaction’s final state; see the discussion
below Eq. (58). By evaluating the matrix element in coordinate space, as in Eq. (60), we find the third term in Eq. (63) is zero,
and the second term cancels My + My ;—much as M, cancels the first term in M. Therefore,

My +Mpyy + My + My,

_ _ | 1
= —ieZew(B + E)((n%|W ¢ sIx S, ey
o (e Wy T o Do 0

W, 2yr)
—

) _ | ins
= T eZexCop,(B + E)/d3r Y1 (P)ek - re’(“"M@SH)W(GO(k, N+ iFok,r). (64

034616-16



MODELS, MEASUREMENTS, AND EFFECTIVE FIELD ... PHYSICAL REVIEW C 98, 034616 (2018)

To obtain this coordinate space matrix element, the momentum integration technique used in Eq. (38) has been applied twice.
Note that the final result again reflects the Siegert theorem. Since we have included diagrams up to NLO, the phase shift 53, (k)
is defined in terms of the ERE parameters as,y and 7, ); see Eq. (45).

We note that the above derivation produces a M;;; + My + My + My that only has an s-wave initial state contribution.
In contrast, for M; 4+ M, the angular integration in Eq. (62) picks up s- and d-wave initial state contributions. These can
be separated by applying a partial-wave decomposition to X(+)(r) in the expression. From now on we define Mgc = M; +
My + My + My + My + My and reintroduce the (nc) spin index, dimer angular momentum, and photon helicity labels
that we previously suppressed. However, angular-momentum conservation then guarantees

Mec gin = T, Mec s (65)

Summing diagrams [-VI then gives an s-wave contribution that is, up to NLO,

l47.[ (o0 tdag) .
MEC i = — ?eZefij{,j C(3p2)(B =+ E)T/er_nB%(2yr)r[sln8(3SI)G()(k,r)+COS(S(3SI)F0(k,r)], (66)

. 4 _
_ i /?ezeff € CpoCepy(B + E)Sec(CS)), (67)

with Sy (X) the pertinent wave-function overlap (with the bound-state wave-function normalization/ANC absent) for an
incoming scattering channel X and a mechanism H:

CyoGolk, 1) Fo(k, r) —agg, + 3ro0k® — 2kcRe[H ()]
_a(XI) + %r(x)kz — 2kcH(]7) Cm()k —a()(l) + %r(x)kz _ 2kCH(n)

SEC(X)E/er_nBé(Zyr)r{ (68)

This notation is the same as in our previous work, Refs. [18,32]. Note that the r — 0 part of this integral gives a finite result
since [54]

kr—>0 _ kr—0

kr—0 _ _
Fi(k,r) =" Cpukr)™,  Gotk,r) =" Cpg. Gizolk,r) = [+ DCpul™" (kr)™,

W i1 Qyr) S0 @yr) D@ + 1)/T( + 1+ ng) (when # 0),

The integral is also finite at large r because | Qyr) x e " (yr)~"® there.
The only d-wave contribution, which is also an EC contribution, is from Eq. (62):

3(2yr) ( r)
ME ;= —eZeiCop,)(B +E)fd3 %Ylj(r)ek r(4mi’e ) Y5 (#)Y2u(p)
2 4 _
= —\/;4ne'azeZeffC(3pz) 6;,1- leaYQO,(i))Cnﬁo(B + E)DEc, (69)
with

P> (k,
DECE/er,n {Qyrr 2k, 1) (70)

7,0

Here the formula fdQ; Yy (i')Yf A)YF(#)=(—) T’“ has been used. Since F,(k, r) 30 C,, »(kr)?, the integration is also

finite. In summary, the EC contribution to radiative capture is, up to NLO, represented by diagrams I-VI, which yield

(Pr, Py, 7% AMLeylxst, (ne))

4 i j Fal ] ~ ioy % ~
= —Q2n)8(P7 + P))—=T, e ZeiCy0C py(B + E)[e €} Yoo(p)SecCS1) + €€} (v 2T/ Yo (p)Dec].  (71)

V3
[
B. CX and SD diagrams: VII-IX to Eq. (68) but involve an excited core:

The LO result [18] is obtained from Eq. (71) by setting

both effective ranges, r(x) to zero. But the NLO result includes hion Coapr
oo . . 3qy _ CSH ~CP *

contributions from core excitation and short-distance capture, Sex(C81) = hos) Cop) / dr W_ng*,g Qy*r)r
as well as the effect of finite effective range. G5 ~CP 2

After repeating the previous calculations, but with the 'Be* F(l + ln*)W—H} i (—2ikr) 7
field inside the bubbles, we get diagram (VII) and (VIII) con- X  Tres K — 2k H(p) (72)
tributions to the total s-wave amplitude S that are analogous (35
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Here k., 14, nps« have been defined below Eq. (46) and
below Eq. (52). Note that I'(1 + in,)W. 1 (—2ik,r) equals

AT
Cp..0(Golky, r) + i Fy(k,, r)) when kf > 0, and it becomes
a bound state wave function when k2 < 0. The transition
between these cases is smooth. Based on this, in the limit
ya — 0, the core excitation terms have the same structure as
Eq. (64).
Now, the diagram (IX) contribution—due to the L contact
term—which can be considered as a short-distance operator

(SD),
Msp,jn = —ezeffh@sl)\/_qu j@ Dy, X(H(O), (73)

with  the outgoing photon energy (= | P, |). This result can
be simplified as

ﬁil 1

S S )
SD( 1) %r(Ssl)kz + ZkCH(T])
(74)
where L, = 7 L‘ﬁ[” e Equation (74) indicates that L, is

3sptée,

independent o(f th(e ;enormallzatlon scale w, otherwise its
contribution to the capture reaction cross section would de-
pend on u [see Eq. (81)], contradicting the requirement that
the cross section is p-independent. In other words, the u
dependence of L; is dictated by the u-independence of L;.
The specific factor, 24/37, in the redefinition is motivated by
the observation [based on Egs. (17b) and (30b) from the toy
model of Sec. II] that if © < A, then s- and p-wave couplings
obey

hs()h,(W)My ~ 23/37 /ror; & 2+/37.

Accordlng to the d1scus510n at the end of Sec. IIE,
Ly~ K and so L; ~ K’ as long as ror; ~ 1. We write the
short-distance part of the S = 2 capture amplitude in the same

way:

V3L, 1
2 yF(2+nB) — Yres,yk? + 2kcH(n)

Ssp(’Ss) =

(75)

This produces EC, CX, and SD contributions in accord
with the power counting. From Eq. (68), we know Sgc ~ #

while Eqs. (72) and (74) give Scx, Ssp ~ 1,2

C. Total amplitude, S factor

The total amplitude for radiative capture in the s = 1
channel, up to NLO in our EFT, is then

A . .
Mair, = =T, —=ZeiiCy 0Co pyw[e' €} Yoo (pISC )

NG
+e' e V2T Vap(p)Dc | (76)

(where again w is the outgoing photon energy). To extract the
overall factor of w here we have neglected the nuclear recoil,
i.e., set B+ E = w. Here

SCS;) = SecCS1) + Scx(CS1) + SspCSy).  (77)

Finally, everything works out analogously in the s =2
channel to yield

g4 . .
Mapr = =T} —=eZeiC,oCspyw[e' ™€) ;Yoo (PISCS,)

V3
+e e V2T Yoy () Dic]. (78)
where
SC8) = Spc(C$2) + Ssp(CS2). (79)

Two points are worth noting here. First, core excitation
contributes only in the spin-one channel, since the spin quan-
tum numbers do not permit it in the s = 2 case. Second, since
Dgc does not involve initial-state interactions it is the same
for both s = 1 and s = 2 channels; however, S depends on the
s-wave channel parameters through the strong interactions in
the initial state.

Finally, we use

Mg w1
/dszkg Rzkg Z M, (80)

with M now expressed on the basis of particle spins o, a, o
and depending on photon polarization A. Hence, we convert
the computed matrix elements for |(nc)’)) and |(nc)?)) initial
states to those for the direct product |n°c%)) initial state to get
the total § factor:

S(E) = Eé*™o(E)

e2rrn

= m 18 (eZeff) kcw

X [CEp (ISCSD P +2 | Dec|?)

+CEp (ISCSHP 42 1Dec D] 81

Note that the NLO halo EFT calculation of S(E) ultimately
depends on nine parameters once the B binding energy is
fixed. Of these, four enter already at LO. They are the ANCs,
Cip,y» Clsp,) and the s-wave scattering lengths, ags,), acs,).
Five more parameters are necessary to describe the NLO
pieces of the result: the s-wave effective ranges, o8 TES)s
the two LECs parametrizing the short-distance pieces of the

matrix element L, and the proton-’Be* mixing parameter

h3* Ci3px

3st) Cérp

g = ——=—%[32].
1 h(3S1)C(3P2)[ ]

V. COMPARISON TO TRADITIONAL MODELS

A. Conceptual relationship of halo EFT
and earlier calculations

There is close correspondence between halo EFT and
several aspects of the many older models of the "Be(p, v)®B
reaction. In fact, our EFT has been constructed to apply to
this system very generally at low momentum, so S factors
and phase shifts near threshold in any model that obeys gen-
eral physical principles should be reproducible with correctly
chosen EFT parameters. This means that differences among
models close to threshold should reduce to choices of EFT
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parameters, provided that sufficient terms of the EFT expan-
sion have been retained. We now discuss our EFT in terms
of some types of models previously in use. This will make
contact with the extensive prior literature on the "Be(p, ¥ )*B
reaction, and it will provide context for matching the EFT
onto literature models below. For a complete review of prior
models up to 2010, including many that we neglect because
their more elaborate construction is less useful for insight into
the EFT, see Ref. [1].

1. Correspondence of halo EFT and
potential-model contributions

Like halo EFT, a potential model treats the "Be nucleus and
proton as fundamental particles. It models their interaction
with a Woods-Saxon or similar potential, usually with both
central and spin-orbit terms [3,20-24,55-57]. Wave functions
are computed in configuration space, and the electromagnetic
transition operator is written in the usual Siegert-theorem
form that also appears in our Eq. (64). As first pointed out
by Christy and Duck [20], low-energy nonresonant capture
in a potential model of ®B is dominated by the part of the
matrix element integral where the "Be and proton are well
separated, far beyond the range of strong interaction. In this
region the interaction is purely Coulombic, so the final-state
wave function is proportional to a Whittaker function while
the initial state consists of phase-shifted Coulomb waves. This
gives a matrix element integral very similar to our Eq. (64),
the only difference being that the potential-model integrand
deviates from Whittaker and Coulomb functions at small radii.
This happens at radii <5 fm, where the "Be-p effective
interaction differs significantly from pure Coulomb. In this
region, the initial-state wave function of the potential model
has a very small amplitude due to tunneling through the
Coulomb barrier.

In a previous effort to separate long- and short-range
effects, Jennings er al. [57] computed a potential model
and found that the radiative-capture matrix element integrand
peaks at 40 fm for s-wave capture at threshold. They also
presented a second calculation with the same phase shifts, but
otherwise pure Coulomb interaction all the way to zero radius.
For phase shifts specified through the ERE, this is exactly
our Eq. (68). The total matrix elements for the two cases are
nearly equal; even at 500 keV, Jennings et al. find only a 3%
difference in the s-wave cross section between the pure phase-
shifted Coulomb initial state and the full potential model with
the same phase shifts. The overall size of this 3% difference
has to grow with energy at about the same pace as the small
radius part of Sgc to keep the initial wave function continuous,
and this gives it about the same energy dependence as our Sgp.
Thus, the short-distance part of the potential-model matrix
element amounts to a cancellation between the r < 5 fm part
of our Sgc integral and the short-distance counterterm Ssp. In
the language of the potential model, the difference encoded in
Ssp occurs in the small-r region where the effective nuclear
potential dominates the shape of the wave function. This
accords with the label “short distance” for the Ssp term in
halo EFT, which corresponds to regions in the potential model
where r < AL

Potential models can in principle include excitation of
"Be* by adding another channel to the wave function, with
corresponding “diagonal” and channel-coupling terms in the
potential—at the cost of more elaborate calculations and ad-
ditional parameters. This is not needed for qualitative descrip-
tion of the data, and to our knowledge it has only been done
once in the literature [58,59]. Such a contribution corresponds
to our Scx.

2. The Pauli principle in potential models

An important consideration for the size of short-distance
effects arises from the nature of the potential-model interac-
tion: It is an effective interaction that incorporates not just
the strong nuclear force but also particle-exchange effects.
The projection of a nucleon-level wave function onto a prod-
uct of cluster wave functions has a structure constrained
by fermionic antisymmetry (first considered in the present
context in Ref. [55]). In our case, 'Be contains a practically
filled Os shell but open Op orbitals in both j = 1/2 and j =
3/2 subshells. The main consequences of antisymmetry are
imposed on potential models of 3B by constructing the s-wave
effective potential to have a nodeless deeply bound state that is
regarded as belonging to the Os shell and therefore forbidden
by the Pauli principle. At threshold the [ = 0O scattering state
then belongs to the ls shell and has a single node inside the
potential well. Since there are open p-shell orbitals available
for the proton, no constraint from antisymmetry guides con-
struction of the / = 1 effective potential.

The Pauli node in s-wave scattering states has two con-
sequences for the capture reaction. First, the ~40 MeV well
depth [3,22,24,57] needed to generate a node in potential
models greatly exceeds the scattering energy near threshold,
so that the short-range part of the scattering wave function has
a nearly energy-independent shape below 1 MeV (as features
imposed by antisymmetry would). Short-range contributions
to the capture matrix element are then largely energy inde-
pendent apart from barrier penetrability; this is in accord with
the energy dependence of Ssp. Second, the presence of the
node implies some radius within the potential well where
the matrix element density goes to zero, so that regions of
opposite-sign density just on either side of that radius cancel.
As a result, short-range contributions in the potential model
are suppressed, suggesting significant cancellation between
Ssp and the small-radius part of the Sgc integral in the EFT.

3. Potential-model parameters and EFT couplings

The effective potential thus has two logically distinct roles
in the capture cross section: It determines phase shifts for
the external part of the initial state, and it models details
of both initial and final effective wave functions within the
potential well. The 3B system lacks empirical information
to constrain these features separately, so model construction
requires ad hoc assumptions that impose arbitrary correlations
between them. For example, traditional lore has usually pro-
vided the radius and shape of the potential. (An exception is
the model of Ref. [24], in which the p-wave potential well
was constructed to reproduce overlap functions from ab initio
calculations.)
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Woods-Saxon potentials are the most common choice, and
their radius and diffuseness are generally chosen to be the
same in all channels. A potential model of the ’Be-proton
system then has, in principle, different well depths in the s-
wave S = 1 and S = 2 channels, as well as a single well depth
and spin-orbit coupling in all other channels. This is a total
of six parameters. These models then employ spectroscopic
factors for the two p-wave channels, meaning that they have
at least eight parameters. After assuming values or relations
between values, there are usually two or three parameters
adjusted to data in actual model construction. Work in this
vein started at least as early as Ref. [55].

In such calculations the spectroscopic factors for the 3 P,
and 3 P, components of the ®B wave function were generally
taken from the shell model. A final rescaling of the overall
cross section (see also discussion below) was then made, on
the understanding that the overall scale of the spectroscopic
factors should be adjusted to match capture data. It is probably
better to view this procedure as fixing ANCs rather than
spectroscopic factors, since external capture dominates the
S factor at low energies. In this regard, the role of ANCs
in a potential model corresponds almost exactly to the role
of ANCs in the EFTs. The same experimental or theoretical
constraints can be used in both frameworks.

As discussed above, halo EFT includes the possibility of
core excitation. At NLO this is encoded in the single param-
eter ¢; without adding significant complication to practical
calculations. Since most potential models do not include core
excitation this parameter has no potential-model counterpart.

A critical difference between the two approaches is that
at NLO halo EFT encodes the amplitudes of short-distance
contributions in contact couplings L > with no large-distance
consequences; no parameter of a potential model affects
just short-distance physics. Potential models thus have im-
plicit correlations between phase shifts and short-range am-
plitudes that arise from assumed potential-well geometry
but are not part of the most general parametrization of the
amplitude.

We found a clear example of implicit correlations between
scattering lengths and small-radius contributions in the poten-
tial models of Davids and Typel [3]. One potential model in
that work was constructed to reproduce the best-fit experi-
mental scattering lengths, while a second model reproduces
the upper-limit scattering lengths and a third reproduces the
lower-limit values. In Ref. [3] the differences among the S-
factor curves of these models were interpreted as arising from
the scattering lengths. We repeated this exercise using halo
EFT, by first fitting EFT parameters to match the Davids and
Typel best-fit model and then varying as,y and a;ss,) between
their experimental limits while leaving other parameters fixed
(see Sec. VB for more details on this procedure). For ag,),
we found very nearly the same dependence of S factor on
scattering length as in the Davids and Typel models. The story
with ass,) was very different: The dependence of the S factor
on ass,, in the EFT when L, is held fixed (at its value in the
“central” model) is much weaker than the as,) dependence
found by Davids and Typel. In the language of halo EFT, when
Davids and Typel attempted to produce an altered potential
that differed only in its values of scattering lengths, they

also changed L, (cf. Table IV below). This change in L,
accounts for roughly half of the “asgs,, dependence” Davids
and Typel found in S(E): much of the dependence they found
was a consequence of changes to the wave function inside
the altered potential well and did not come from changing
the large-distance behavior characterized by asg,) and r(sg,).
(A further complication here is a problem with the published
S(E) for one of the Ref. [3] models, noted below. The
calculations discussed in this paper mainly involve a corrected
version that has the stated scattering lengths.)

While the EFT contains fewer implicit assumptions than
potential models, the price of the more general parametriza-
tion of the amplitude is the need to fix nine parameters. In
a potential model this might correspond to treating the eight
parameters enumerated above as free and independent, all
unguided by lore beyond an expectation that most should have
“natural” sizes. Below, we show that it is possible to constrain
enough of the EFT parameters jointly from measured S factors
and scattering lengths to obtain a robust extrapolation for
S(E). This is presumably a simpler task for halo EFT than for
a potential model, in that there is no Schrédinger equation to
be recomputed when the potential is varied. Indeed, we have
written the amplitude for radiative capture in such a form that
the EFT parameters can all be varied without recomputing the
integrals in Egs. (68), (70), and (72) above.

4. Cluster and ab initio calculations

Microscopic models, in contrast to potential models, treat
all nucleons as distinct particles and in principle require less
tuning to the 8B system. They are based on a nucleon-nucleon
potential and compute wave functions of the "Be and ®B sys-
tems by solving seven- and eight-body Schrédinger equations.
The simplicity of the Siegert E1 operator in configuration
space makes the capture matrix element calculation resemble
a projection of ®B onto clusters, and a potential-model wave
function can be viewed as an ansatz for the projection of a
8B state into a purely "Be + p space. As a result, the impor-
tant features of potential models carry over to microscopic
models: the largest contributions come from the long-range
asymptotic region, and short-distance features are dominated
by antisymmetry. However, the location of the Pauli node now
arises from explicit antisymmetrization of an eight-body wave
function, it is no longer imposed ad hoc. Importantly, micro-
scopic models include configurations not writable in terms of
the "Be ground state. Thus, in a general sense the microscopic
models’ biggest advantage is that their wave functions at
distances from about 1 fm to the » ~ 1/A short-distance scale
of halo EFT (or a potential model) is determined by the
underlying nuclear forces. A disadvantage is that S factors
are very sensitive to some quantities like threshold energies
and scattering lengths that do not typically emerge with high
precision from a nucleon-nucleon potential that was not fitted
to them. Some tuning to the full eight-body system is possible,
but a nucleon-level potential with few parameters can only
be tuned to one or two eight-body properties at once, while
one with more parameters probably requires a much more
demanding refit to ®B and other observables simultaneously.
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It has only recently become possible to compute accurate
energies and scattering wave functions for A = 8 systems
from nucleon-nucleon interactions that reproduce many ob-
servables of two- and three-nucleon systems faithfully [29].
Such models are generally referred to as ab initio. For four
decades prior to that work, limited computer power restricted
microscopic models to greatly simplified nuclear interactions
and severely truncated basis spaces. However, a great deal of
useful work along those lines was done using the resonat-
ing group method (RGM) and generator coordinate method
(GCM) [4,27,28,60,61]; we refer to such restricted micro-
scopic models as “cluster models,” and we match one of them
onto an EFT below.

Cluster models work in a basis constructed from energy
eigenstates of clusters within a nucleus. For 8B, this means
energy levels of "Be and >Li built up from « particles, *He
nuclei, and protons. The more excited states of the clusters
are included in the basis, the more exact a calculation will
be. This approach has been extended to very large bases in
ab initio calculations [29], but in cluster models the o and *He
clusters are mostly constructed as 0Zw harmonic-oscillator
configurations. Core excitations like "Be* are required in the
model for reasonable accuracy [4,29,62].

The mapping between cluster models and halo EFT is
roughly the same as between potential models and halo EFT.
The differences are that cluster models have a firmer ground-
ing in general principles, include core excitation explicitly,
and should need less tuning to ®B data. However, for poorly
understood reasons, cluster models almost always predict S
factors larger than the data at all energies—often by 10%
or more. Low-energy extrapolations using these models are
typically built on the assumptions that the matrix element is
entirely external capture to good approximation and that most
of the uncertainty lies in the ANCs, plausibly because of the
truncated model space. One holds the computed S(E) curve
shape of the model fixed and multiplies it by a constant to fit
capture data, just as one does to fix spectroscopic factors in a
potential model.

This does not exhaust the range of published models.
Howeyver, it does cover both the ones for which we find halo
EFT representations in Sec. V B and those used in Ref. [1] to
produce a recommended S(0).

5. Low-energy expansion of S(E)

In Ref. [39] Baye and Brainis found expressions for first
and second derivatives of S(E) at E =0 within a given
potential model. These are elegantly derived, and they facili-
tate efficient and accurate numerical calculation of S(0) and
the next two coefficients of the Taylor series at threshold.
While these results are useful for evaluating a given model
at threshold and the solar Gamow peak, they are (as Baye
and Brainis themselves say) not suited to fit data in the
"Be(p, ¥)®B problem. This is because initial-state interac-
tion effects due to the Coulomb and nuclear forces generate

kC

o s . . 2 ~ 1
nonanalyticities in E at energies My 350 keV and 53— Mt

or ~ tens to hundreds of keV. This limitation on

1
ZMRagsz

the Taylor expansion is evident in the large first and second

derivatives $’(0)/S(0) and §”(0)/S(0) found for potential
models in Ref. [39]. These are consistent with a rather small
radius of convergence—smaller than the distance of important
data from threshold. In contrast, the nonanalyticities due to
the low-energy scales % and W are built into the EFT
directly through the modified effective-range expansion for
the initial-state-interaction amplitude. The EFT amplitude for
radiative capture is not a polynomial in E: only the short-
distance part of the capture operator is Taylor expanded, and
low-energy analytic structure due to nuclear and Coulomb
interactions is retained explicitly. In consequence the EFT can
reproduce the observed energy dependence of S(E) well up to
500 keV center-of-mass energy, enabling its use in data-fitting
as reported in Refs. [32,33] and summarized below. Despite
some shared features, the EFT and the Baye and Brainis
derivative formulas are thus different tools that address dif-
ferent tasks.

A subsequent paper by Baye [38] presented a formula
connecting S(0) to the ANCs of ®B, including the depen-
dence on initial-state strong interactions through the scattering
length, in a form less dependent on the particular capture
model. The correlation between S(0) and the squared ANCs
follows from the dominance of one-body external direct
capture, and it is similar to other results in the literature,
e.g., Refs. [22,39,63-65]. The form of Eq. (81) allows us
to write the EFT result for S(0) in a way that makes this
correlation manifest:

S(0) = 35.76C% ,,[1 — 0.002670a¢:5,)(1 + 0.9095¢,

— 0.3632L,)]
+35.76C p,,[ 1 — 0.002670as5,)(1 — 0.3632L5)]
+2.337(Cp,) + Cip,))- (82)

Here we have followed Ref. [38] and used a 8B binding
energy of 0.1370 MeV. We also linearized in the 'Be — p
scattering lengths, since their effect on S(0) is small. The final
term of this equation isolates the d-wave contributions. We
have suppressed units in Eq. (82) for readability; the leading
coefficient of each term has units eV b fm, the coefficients of
the scattering lengths, Ly, and L, have units of fm~!, and the
coefficient of €; is dimensionless.

The coefficient of C%, + Cf,  obtained in our EFT
analysis (35.76 + 2.34 = 38.10) agrees with that found by
Baye [38] within 0.3%. Equation (82) also agrees with Baye’s
results for the individual contributions to that coefficient from
s- and d-wave capture. Halo EFT therefore quantitatively
reproduces the well-known result that, in this reaction, S(0) is
almost completely determined by C (% pyt C(z5 ) [66]. How-
ever, the near-insensitivity of S(0) to the s-wave scattering
parameters exhibited in Eq. (82) is not generic to all reactions
that are dominated by direct external capture at low energy.
For example, the S(0) for *He(w, y)’Be has a significant
correlation with the *He-*He scattering length [39,67].

Baye obtained the dependence of S(0) on scattering
lengths by retaining a potential model (that of Barker) for
the ®B bound state but replacing the scattering states with
phase-shifted Coulomb waves, with the phase shift specified
by the Coulomb-modified effective-range expansion just as
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in our Eq. (68). In contrast to the coefficient of C(z3 Py T
C(25 Py the coefficient that Baye obtained for the scattering-
length dependence of S(0) appears to disagree with Eq. (82).
However, the two results cannot be compared directly. The
short-range deviations from asymptotic waves encoded in &1,
Ly, and L, enter Baye’s calculation implicitly through the
Barker potential model used to produce the bound state; short-
range effects are contained in Baye’s computed coefficient,
but not explicitly parameterized. Taking ¢; = O (i.e., no core-
excitation contribution), we infer that the coefficient in Baye’s
scattering length term is reproduced by the values L; = L, &~
1.4, similar to what we find for potential models in Sec. VB
below. In all our fits—whether to data or to the results of
potential models—we infer values of L; and L, of order, but
larger than, one. This suggests that the short-distance piece of
the radiative capture has a significant effect on the a5,y and
ass,) dependence of S(0).

Indeed, the explicit dependence of the coefficient of a¢g,)
and asg,) in Eq. (82) on short-distance physics may clarify a
result of Ref. [38]. There it was observed that the formula for
S’(0) in terms of scattering lengths disagrees with the S'(0)
found by direct computation of Barker’s potential model [21].
In Ref. [38] the discrepancy was interpreted as sensitivity to
short-range physics arising from the node in the potential-
model s-waves; in the language of the EFT, the observed “sen-
sitivity to short-range physics” amounts to different implicit
values for L, and L, when the initial state is computed in the
potential model compared with when it is asymptotic at all
radii.

Last, we point out that changing the binding energy of
8B by 1 keV, from 0.1364 or 0.1375 MeV (see discussion in
Sec. V B), produces a 1% difference in the coefficient of C (23 )
and C(z5 ) in the s-wave capture piece of Eq. (82). The effect
on the d-wave capture piece is an order of magnitude less, and
all other coefficients are changed by at most 1%. Changing the
8B binding energy by 1 keV will—if other parameters are held
fixed—change S(0) by ~1%.

6. Phenomenological R-matrix

Some brief comments on the relation of our EFT to phe-
nomenological R-matrix models may also be useful. For scat-
tering, the connection between the latter approach and halo
EFT is derived explicitly in Ref. [68]. In the case of radiative
capture the phenomenological R-matrix has external-capture
contributions that correspond very closely to our Sgc, Scx,
and Dgc amplitudes, but the integrals are cut off below some
radius on the order of 3 fm: apart from these lower limits
on the integrals there is a nearly one-to-one mapping of our
matrix-element terms onto terms of the R-matrix capture
amplitude given in Eq. (6) of Ref. [25].

As a matter of computation, phenomenological R-matrix
models incorporate ANCs in exactly the same way as the
EFT (apart from the small-radius cutoff). Scattering phase
shifts enter both external and internal R-matrix amplitudes
in much the same way they enter Sgc and Ssp, respectively.
And the R-matrix parameterizes short-distance contributions
to radiative capture using radiative-width parameters that are

completely analogous to our L; ,—even down to the way they
enter amplitudes.

One difference from halo EFT is that instead of an
effective-range expansion, phase shifts are encoded in a pole
expansion of the R-matrix, each term of which has a reduced
width and a level energy. In practice there is usually only
enough information to fit one pole and all others are ap-
proximated with a single high-energy pole that provides slow
energy variation at low energies. Because the ERE applies
very generally, near threshold there must always be an ERE
that corresponds exactly to any given pole expansion: the
relationship between the R-matrix and ERE parameters is
worked out in Ref. [69]. The pole expansion implies, though,
that phase shifts are more complicated functions of R-matrix
parameters than they are of ERE parameters, and, as in po-
tential models, the R-matrix background-pole parametrization
can produce implicit correlations between ERE parameters
in the fit. This may give the halo EFT formalism, with its
explicit construction around the ERE, significant advantages
for near-threshold data fitting.

B. Mapping potential and cluster models
into the EFT parameter space

We now examine models from the literature and demon-
strate that—at least below center-of-mass energy E =
500 keV—each corresponds to a specific set of EFT param-
eters. Our strategy is to take model outputs as data to be
fitted in the EFT and show that highly accurate fits result.
This is easier than fitting experimental data because a com-
puted model produces more information than is available
from experiment, and there are no measurement errors. We
computed phase shifts and S factors for several potential
models from the literature using our own code, which included
separate S factors for each possible spin and orbital angular
momentum channel in its outputs. For the one microscopic
model considered, S factors are tabulated by channel in the
original publication, and its author provided a table of phase
shifts that were originally published as a graph [70].

We chose five different models for fitting: three variant
potential models of Davids and Typel [3] that were tuned
to the measured scattering lengths and their error limits; the
potential model based on ab initio inputs from Navratil et al.
[24]; and a cluster model by Descouvemont [4]. These provide
a wide range of conditions and were important in the S(0)
recommendations of Ref. [1]. While performing this work,
we learned that the published S factors for the Davids and
Typel potential with lower-limit scattering lengths contain a
programming error, so that the lower-limit curve apparently
reflects asg,) = —20.9 fm, not —10 fm [71]. The calcula-
tions reported here reflect a corrected version of this “lower”
Davids and Typel potential model that reproduces the intended
ass,) = —10 fm.

In fitting models, we use the 8B proton separation energy
0.1375 MeV from the 2003 mass evaluation (current when
the models were published); the fits to data discussed in
Sec. VI use the currently recommended 0.1364 MeV. The
d-wave S factor has very nearly the same threshold energy
dependence in every model (including all EFTs), so we first
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TABLE IV. EFT parameters obtained from fits to models from
the literature. The units for the ANC squared (C?) are fm~!, and
s-wave scattering scattering lengths (agss,) and asg,)) and effective
ranges (r3g,) and r(s,)), and the short distance operator coefficients
(L) are fm. The core-excitation contribution’s strength (g;) is
dimensionless. These units are implicitly assumed and will not be
shown in other places. From top to bottom the models are Davids and
Typel lower, central, and upper potential models [3], the Descouve-
mont cluster model [4], and the Navratil potential model [24].

C(Z‘Po) acsy)
0.201 160 1.18 0 1.12 0.534
0.201 250 136 0 127 0533 -=7.03 5.02 3.10
0201 340 145 0 134 0533 —4.03 8.56 4.19
0
0

— 5 —
resy &1 Ly C(SP) acsy)  Tésy) L,

—10.0 393 2.69

0.109 —4.15 6.80 480 0542 —691 357 373
0.108 7.19 0.785 0.725 0.480 7.19 0.785 0.725

obtain ANCs for each model by fitting its d-wave S factor
separately in each spin channel. We then fit scattering lengths
and effective ranges to the computed phase shifts. In the
potential models there is explicitly no core excitation, so we
set Scx = 0. For the cluster model we also set Scx = 0 as
a simplifying assumption for fitting, even though the model
contains core excitation; it is difficult to fit uniquely from the
model outputs, and we obtain a precise fit without it, perhaps
because core excitation can be traded against short-distance
physics at these energies. This leaves only the contact terms
ZI,Z undetermined, and we fix them from the s-wave S factor
in each spin channel.

The fitted parameters are shown in Table IV. In the table
we quote all parameters to three significant figures. Two
different implementations of our calculation agree at this
level for almost all numbers in the table. But additional
precision is needed to produce, e.g., the curves in Fig. 9.
Readers interested in higher-precision results should contact
the authors. From top to bottom, the EFT parameters are
for the Davids and Typel lower, central, and upper potential
models (corresponding to lower-limit, best-fit, and upper-limit
scattering lengths), the Descouvemont cluster model with
the Minnesota potential, and the Navratil potential model.
Crucially, we find that although the parameters change
from row to row, almost all are consistent with NDA, i.e.,
C* ~T?Q2+ np)y?/A [see Eq. (A0)], (aps,). acs,) ~ v~
(I"(SS]), r(sgz)) ~ A_l, ngz ~ AL

In the top panel of Fig. 9 the original S(E) curves from
these models are represented as circles and the fitted EFTs
are shown as continuous curves. The models occur in the
same top-to-bottom sequence as in Table IV. The fractional
difference between each EFT and its original model is shown
in the lower panel. In the fitted energy range O to 0.5 MeV,
these residuals are less than 0.2% of the total S factor for
the potential models. However, residuals for the Davids and
Typel models contain cancellation between s = 2 s- and d-
waves, which individually deviate from the original model by
0.4% at 500 keV. In the s = 1 channels of the Davids and
Typel models, and in all channels of the Navratil model, the
deviation is less than 0.1%. For the Descouvemont model,
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FIG. 9. Upper panel: S factors from the EFT fits (continuous)
and the original potential [3,24] and cluster [4] models (discrete
circles). From top to bottom, the first three curves are the Davids
and Typel potential models, with scattering lengths in both channels
increasing from top to bottom. Next comes the cluster model, then
at the bottom the Navratil potential model. Lower panel: Absolute
values of S-factor residuals between the original models and fitted
EFTs as fractions of the total. Symbols correspond to models in the
same way as in the top panel.

errors are under 1% over the fitted range. Extrapolating the
EFT curves to 1 MeV, differences from the original models
increase to about 1% for potential models and 5% for the
cluster model. The behavior of residuals in this 0.5 to 1.0 MeV
energy range are consistent with the truncation error of our
EFT calculation being N°*LO.

The three Davids and Typel potentials differ in their
[ #1 well depths to produce scattering lengths agg) =
16, 25, 34 fm and a;g,) = —10, =7, —4 fm. These mod-
els use spectroscopic factors from Cohen and Kurath [72]
and produce the ANCs C3%,, =0.2010 fm~! and C?2

CP) Py~
0.5332 fm™"; ANC:s fitted to the d-wave capture “data” from
the model in the EFT (Table IV) are within 0.3% of these
values. For the Navratil model the match between the fitted
EFT ANCs and the original ones in the model is of the same
level of precision.

For the cluster model, the published ANCs correspond
to Cpp,=0.1116 fm~' and Cf, = 0.5565 fm~'; how-
ever, values 2.5% smaller were needed to fit the d-wave S
factors, apparently reflecting some unidentified difference in
cluster masses or 3B separation energy between the original
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calculation and our EFT code. Fitting the ERE over 0-600
keV (three tabulated energies) yielded ass,) = —6.910 fm al-
though this model was tuned for —7 fm; this probably reflects
the relatively wide energy range of our fit. The simplification
that &; = 0 does not seem to have serious consequences, and
our experience with experimental data (Sec. VI) indicates that
g1 can be compensated in the fitting of L;.

The match of the cluster model onto an EFT also differs
from the other cases in that we had full information about
the potential models that we computed, at several decimal
places and on a dense grid in energy. In contrast, we fitted
to published information for the cluster model, which neces-
sarily had fewer printed data and more rounding (e.g., only
two digits for capture from 3D, scattering states). It is worth
noting in this context that tests of the fitting procedure with a
1 keV mismatch between the binding energies of the EFT and
a potential model did not allow a fit with smaller residuals than
1%. The difficulties in getting EFT to fit the cluster model with
the same accuracy as for the other models considered could
either be due to larger higher-order effects for that model, or
to these fitting issues.

We also obtained a second set of EFT parameters matched
to potential models, this time using ANCs and binding en-
ergies directly from the original model and ERE parameters
fitted over 0-30 keV, and still fitting Zl,z to 0-0.5 MeV
S factors as before. These EFT fits reproduce the original
models at threshold even more accurately; by construction,
deviations of this EFT fit from the original model grow with
energy. The results for S(E) are not plotted, but in the 0-
500 keV they match the original models about as well as the
fits in Table IV and Fig. 9 do. The growth with energy is again
consistent with a calculation in which the leading omitted
effect is N*LO.

VI. REALISTIC ANALYSIS: RECAPITULATION

Here, for completeness, we summarize the results of our
analysis of experimental data for "Be(p, y )®B. Further details
are given in Ref. [32]. Some details related to Bayesian priors
and computational issues can also be found in Ref. [33].

A. Data selection

We included 42 data points measuring total S factors in
our analysis. They come from all modern experiments with
more than one data point for the direct-capture S factor up
to E = 500 keV. All data lie at energies above 0.1 MeV. We
subtracted the M1 contribution of the 8B 1% resonance from
the data using the resonance parameters of Ref. [73]. This has
negligible impact for E < 0.5 MeV due to the smallness of
the correction and the small uncertainty on the correction.
Since we retain only points in this region, this eliminates
the resonance’s effects. Reference [1] summarizes these ex-
periments, which are Junghans et al. (two experiments) [74],
Filippone et al. [73], Baby et al. [75,76], and Hammache ef al.
(two measurements published in 1998 and 2001) [77,78]. We
assigned common-mode errors, listed in Ref. [32], according
to the published accounting of experimental systematics. The
Junghans BE1 target data were left out of the final Ref. [1]

analysis because of correlations with the BE3 data; we kept
both sets because their wide energy coverage provides valu-
able constraints on our model’s energy dependence, most
likely outweighing the disadvantage of correlations in overall
normalization that are estimated to be small.

B. Analysis

We wish to extrapolate S(E) from the region of these
data, 100 keV < E < 500 keV, to the region of relevance
for solar modeling, 30 keV and below (with peak sensitivity
at 18 keV). We used the 42 data points to constrain the
nine EFT parameters, computing the posterior probability
distribution function (PDF) of the parameter vector g given
data, D, our theory, T, and prior information, /. To account
for the common-mode errors in the data we introduced data-
normalization corrections, &;. Since these errors affect all data
from a particular experiment in a correlated way there are
only five parameters &£;—&5: one for each experiment that has a
shared normalization error of this kind. (See Ref. [32] for the
one that does not.)

We performed a Bayesian analysis and used Markov chain
Monte Carlo to determine the posterior PDF, with details
described in Refs. [32,33]. All EFT parameters but the s-
wave scattering lengths are assigned flat priors over ranges
that correspond to, or exceed, natural values. We do, though,
restrict the parameter space by requiring that there is no s-
wave resonance in 'Be-proton scattering below 0.6 MeV.

We also constrain the EFT parameter space further by
incorporating independent experimental information on the s-
wave scattering lengths via Gaussian priors on (a¢s,), a¢s,))s
centered at the experimental values of Ref. [19], (25, —7)
fm, and with widths equal to their reported errors, (9, 3) fm.
In fact, these numbers were extracted from an analysis of
scattering data using the ERE in s-waves and a single-pole
R-matrix resonance in p-waves, with no value of the effective
range recommended. It is possible that interesting correlation
structures in the EFT parameter space would result from a full
analysis of those cross-section data; an EFT analysis along
these lines is deferred to a future publication.

This “Bayesian model averaging” samples the part of
the EFT parameter space that is consistent with the scatter-
ing lengths quoted in Ref. [19]. Regions in that space that
reproduce the shape and the magnitude of the S(E) data
more accurately are then weighted more strongly in the final
extrapolant.

C. Results

The tightest parameter constraint in our fit to capture data is
on the sum C(23P2) + C(ZSPZ) = (0.564(23) fm~', which sets the
overall scale of S(E). Neither ANC is strongly constrained
by itself, but they are strongly anticorrelated. The ab initio
calculation of Nollett and Wiringa [49] predicts ANCs that
agree with our extraction within error bars, C (% P +C (25 Py =
0.537(26) fm~!, while there is some disagreement with an-
other ab initio prediction of 0.509 fm~' [29] from Navratil
et al. The extraction of these ANCs from transfer reac-

tions has been fraught with ambiguities, particularly with
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regard to optical potentials. From (’Be, ®B) reactions on
heavier targets, Tabacaru et al. inferred C(% oyt C(z5 Py =

0.466(0.049) fm~' [79]. Efforts based on deuteron strip-
ping have yielded results ranging from about 0.45 to 0.70
[80-84], with the more recent results in fair agreement with
ours.

In addition to the correlation between ANCs, our analysis
also showed that the effect of core excitation, parameterized
by ¢; in the EFT, can be traded against the short-distance part
of the spin-1 El matrix element: There is a slight nonzero
signal for the quantity 0.33 L;/fm — &;. The data do prefer
a positive L,: Its one-dimensional PDF yields —0.58 fm <
Ly < 7.94 fm at 68% degree of belief.

We then computed the PDF of S(E) at many energies
and extracted each median value and 68% interval. At 0 keV
(20 keV) we found S = 2133758 eV b (S =20.6710%)),
again at 68% degree of belief, including all errors associated
with parameter selection. A choice of the EFT-parameter
vector g that corresponds to natural coefficients, produces
curves close to the median S(E) curve and has a large value of
the posterior probability is given in Ref. [32]. Reference [32]
also supplies information on the derivatives of S(E) at 0, as
well as a simple parametrization for the thermal reaction rate.

D. Comparison to solar fusion II value

Reference [1] recommends S(0) = 20.8 & 0.7(expt) &
1.4(theory) eV b. In that work experimental errors were
inflated by a factor of 1.65 to account for large x2 values
with respect to the models employed. Each fit in Ref. [1]
consisted of an overall rescaling of one model for S(E),
based on the idea that the models could accurately predict the
shape of the S factor but needed further adjustment of ANCs
(or spectroscopic factors) to match the data. The theoretical
error in Ref. [1] was taken as half the difference between the
lowest and highest extrapolated S(0) obtained in this way.
The models that determined the theory error bar in Ref. [1]
were ultimately the Navratil semi- ab initio model [24] (last
line of Table IV and lowest curve of Fig. 9, upper panel) and
the original Davids and Typel low-scattering-length model
that is now known to inadvertently have had asg, outside the
empirical range; see Sec. V. This procedure was motivated
by a desire to consider a set of models that were consistent
with general physical principles, and then not discriminate
between them on the basis of small differences of x2.

Our S(0) is consistent with the result of Ref. [1]. But our
total error, including model selection, and without any error
inflation, is about the same size as the inflated experimental
error quoted there. It is therefore markedly smaller than the
combined 0.7(expt) &= 1.4(theory) error bar given there. We
attribute this smaller total uncertainty to two things. First, our
Bayesian sampling of the EFT parameter space means we
explore the full range of reasonable models of this process.
We showed in Sec. VB that differences amongst models
below E = 0.5 MeV—including the Navratil and Davids and
Typel models that defined the error bar obtained in 2011—
can be encoded in nine EFT parameters. Our Monte Carlo
sampling of that space thus includes the capture models that
set the bounds in Ref. [1], the other models from that analysis

whose results lie between those two, and models which fall
elsewhere in EFT-parameter space as well. The computation
of a PDF on this EFT-parameter/model space then permits
discrimination—based on experimental data—regarding the
shape of the S(E) curve. Not all of the physics in that curve
comes from the external-capture part of the matrix element,
so rescaling a model curve to match the data only produces a
reliable result up to a certain level of accuracy. In contrast, the
Bayesian model averaging that we implemented through EFT
parametrization of the capture amplitude favors regions of
the model space that produce better descriptions of the S(FE)
data. Second, although the Navratil and Davids and Typel
models are included in this model averaging, they correspond
to ass,) = +7.2 and agsg,) = —20.9 fm, respectively, and are
thus strongly disfavored by the prior on g, that we have
taken from the Angulo data. In other words, neither of the
models that ultimately determined the theory error bar in
Ref. [1] was consistent with the scattering lengths published
in Ref. [19]. Had those models been excluded, the range of
extrapolated S(0) would have been substantially narrower.

The near-equality of our 68% degree-of-belief interval with
the experimental error estimated in Ref. [1] appears to be
entirely coincidental. The analysis there indicated a nearly 2o
inconsistency among data sets, given the assumption that any
one of nine theoretical S(E) shapes was correct. The errors
in that analysis were then inflated by a factor of about 1.65 to
account for the inconsistency. Our analysis does not include
this inflation factor. In Refs. [32,33] we looked for, but did not
find, quantitatively clear indications of inconsistency amongst
the data sets in the results of our analysis.

Our final uncertainty on the extrapolated S(0) accounts
for both the experimental errors and the differences among
a wide class of models that are consistent with naturalness
and information on the "Be-p scattering lengths. In Bayesian
model averaging there is no way to divide the degree-of-belief
interval into a “theory” and an “experimental” error bar:
the data determine the weightings of many different models,
which all contribute to the final extrapolation. We are able to
take full advantage of this more quantitative accounting of
model uncertainties because of the simultaneous generality
and consistency with basic physics provided by the halo
EFT parametrization. Bayesian model averaging over the EFT
parameter space yields a more general, and more rigorous,
accounting of model uncertainties than examining a range of
broadly plausible models.

VIL. EFFECTS AT N’LO AND BEYOND

The calculation we have carried out here is complete to
NLO in the expansion in powers of kjoy/A. In the numerator
kiow any of the soft scales k, v, k¢, ya, or 1/ass,y and 1/ags))
can appear. This suggests an expansion parameter ~20% for
amplitudes, so errors due to higher-order effects in the §
factor could be as large as 10%. However, our success in
fitting the NLO halo EFT amplitude both to models and to
experimental data suggests that 10% is an overestimate of
the EFT truncation error. In this section we examine various
higher-order effects and attempt to assess their impact on the
S factor.
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A. Higher orders in the proton-"Be interaction

First, it is important to recognize that although we
nominally worked to NLO, we captured a large set of
higher-order corrections by resumming the range corrections
in both the s-wave scattering ERE and the formulas for the
p-wave ANCs. A strict NLO calculation would have re-
expanded observables in powers of rsgy and r¢sg,). In the
single-channel s-wave case such a resummation improves the
accuracy of the EFT amplitude from NLO to N’LO, because
the shape parameter (coefficient of the k* term in the ERE)
affects the EFT amplitude only at N>LO [45].

However, the presence of 'Be* as an explicit degree of
freedom in the EFT means that core excitation enters the
s-wave ERE at N’LO (for a natural coupling). In the limit
that y is well below the maximum momentum of interest
this could have a 5% effect on the amplitude. This is mitigated
by the restriction of our S-factor study to proton-’Be energies
below 500 keV, which corresponds to a momentum Kkp,x =
28.7 MeV /c: this is less than 10% higher than y4. The limited
phase space available to the "Be*-proton channel reduces the
amount it can change the cross section in the energy domain of
interest. For the natural-sized coupling assumed in this work
we estimate its effect to be a few percent at most.

Second, we recall that in this paper we consider only
the Coulomb potential between the proton and the core.
Transverse photons can also be exchanged between these two
charged particles. However, as noted above, their effect is
suppressed by V2/c? < 0.1%. This estimate is for “potential”
photons, which obey go < |q|. One might be concerned that,
e.g., “ultrasoft” photons, which have gy ~ |q| ~ E, will pro-
duce larger effects, since they receive an infra-red enhance-
ment from the photon propagator. However, the small amount
of phase space available for these modes more than com-
pensates for that enhancement, ultimately making “ultrasoft”
photons an O(V3/c?) effect.

B. Higher multipoles

Next, we turn our attention to the accuracy of the ap-
proximations that we made in evaluating the matrix element
of the electromagnetic current in Sec. IV. There we wrote
¢'PrT ~ 1, which means we have neglected multipoles higher
than E1 in the external photon field.

In the region up to 500 keV there are no resonances in the
proton-’Be system, and so standard dimensional arguments
give a reasonable estimate of the effect of higher multipoles.
Photon radiation of M1 character will, for example, be radi-
ated from the system with an amplitude that is ~V /¢ smaller
than the E1 amplitude we have computed here. Since M1 and
El photons do not interfere in the total radiative capture cross
section, the M1 multipole then has an effect in the S factor
only at O(V?/c?). As already mentioned above, this means
neglecting M1 radiation is an approximation that is good to
better than 0.1%. We note that this approximation breaks
down immediately above E = 500 keV, due to the presence
of the 17 resonance in proton-’Be scattering and its allowed
M1 transition to the ®B ground state.

E2 transitions to the ®B ground state are also allowed,
e.g., from p-wave proton-’Be scattering states. Using an

estimate for the amplitude for E2 radiation [85], we find
that it is suppressed by w(r)/5 compared to El radiation,
where (r) is the size of the emitting region. (The factor in
the denominator is the (2L + 1)!! that enters the amplitude
for multipolarity L.) For very-low-energy capture the size of
the emitting region can be tens of fermis, and w can be as
large as 500 keV. Thus, we conservatively take w(r) =~ 0.1,
suggesting an E2 amplitude that could be a couple of percent
of the E1 amplitude at the upper end of our energy range. As
is the case for M1 radiation, E2 and E1 amplitudes enter the S
factor incoherently, so even with these conservative estimates
we expect that E2 transitions affect S(E) by less than 0.05%.

This analysis of higher multipoles within the EFT for-
malism agrees with previous estimates using potential-model
[86,87], R-matrix [88], and microscopic [89,90] approaches,
and with our own potential-model calculations [32] using the
potential of Ref. [40]. Indeed, more detailed models generally
yield even smaller effects than our EFT estimate, accounting
for less than 0.01% of the total direct-capture S factor for
energies up to 500 keV.

C. Higher-order pieces of the E1 amplitude

Finally, we must consider the fact that the evaluation of the
direct-capture E1 amplitude in Sec. IV amounts to considering
only the leading term in the expansion of the pertinent spheri-
cal Bessel function jy(wr). The next term in the jo(wr) Taylor
series—sometimes called a “retardation term”—is, however,
a factor of w?r2/6 smaller than the O(w) term. It too is at
most a 0.2% effect. Moreover, the proton magnetic moment’s
contribution to the direct-capture E1 amplitude is suppressed
by about w/M, [85], which increases to ~0.05% at 0.5 MeV,
and thus its contribution to the S factor are less than 0.1% (the
contribution of the nuclear magnetic moment is even smaller).

There also are higher-order pieces of the short-distance
part of the amplitude Sgp. They are represented by higher-
dimensional operators that contain derivatives acting on
photon, n, or ¢ fields. However, parity conservation ensures
that these contain at least two spatial derivatives. (The equa-
tions of motion can be used to convert all time derivatives to
spatial derivatives.) They are thus suppressed by k> ~ 2Mg E
compared to the NLO short-distance effects we have included
here. This makes them N’LO. We have tested the impact
that the inclusion of this kind of N®LO term has on our
Bayesian analysis [32]. This revealed no statistical evidence
for nontrivial energy dependence of either L; or L, in the
experimental data on "Be(p, y)®B.

VIII. SUMMARY

We have studied the "Be(p, y )®B reaction in a low-energy
effective field theory up to NLO. This yields an amplitude
valid over the entire <500 keV energy range directly relevant
to astrophysical modeling and data extrapolation. Major re-
sults at LO and NLO were presented in previous reports. In
this paper we provide details of our work.

We first discussed the EFT power counting based on ve-
locity scaling. The Coulomb potential is very important in
our reaction, and velocity scaling—originally developed in the
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context of a system of two heavy quarks interacting via gluon
exchange—is well-suited to its treatment. We used velocity
scaling to include electromagnetic interactions in a simple
EFT in which strong interactions are classified according to
the power counting developed for systems with large s-wave
scattering lengths and shallow p-wave bound states. To make
a connection between EFT calculations and ordinary quan-
tum mechanics we computed amplitudes using time-ordered
perturbation theory and the Lippmann-Schwinger equation,
since the intermediate states are easily identified there. This
also allows us to fully exploit existing knowledge of Coulomb
wave functions in coordinate space. Indeed, one major feature
of this work is the development of EFT matrix elements in
position space. It will be interesting to explore higher-order
loop diagrams using this method.

We applied the Lagrangian, power counting, and cal-
culational methods developed in our simple EFT to the
7Be( D, y)gB reaction, including all the complications neces-
sary for a realistic calculation, i.e., spin degrees of freedom
and a "Be core excitation at low energy. The latter modifies
the corresponding effective range expansion within the EFT:
The s-wave acquires a small inelasticity, while the p-wave
becomes an elementary coupled-channel problem. The 3B
ANCs were also computed in terms of the underlying EFT
parameters. This connection was used in our previous LO
work to fix the EFT parameters to ANCs computed ab initio
and produce a LO estimate of the S factor [18].

We then computed the reaction amplitude using time-
ordered perturbation theory and found that loop diagrams
are finite in calculations using the spatial coordinate. The
final results bear similarities to those of quantum-mechanical
models, but with the crucial difference that there is an explicit
hierarchy of contributions—external capture, core excitation,
and short distance terms—that had never before been studied
as systematically. This displays the power of EFT, which
provides a systematic way to organize the matrix element.
The resulting amplitude is model independent in the sense
that it has no regulator dependence and a minimal param-
eter set for a specified accuracy. The generality of the for-
malism places estimates of theory uncertainties on firmer
ground.

As an explicit demonstration of this, we showed that sev-
eral published models can be defined as specific points in the
EFT parameter space—at least as far as the capture amplitude
up to center-of-mass energies of 500 keV is concerned. The S
factors and phase shifts of each model permit extraction of an
unambiguous set of EFT parameters: ANCs from the d-wave
S factors, s-wave couplings from phase shifts, and contact
couplings from the s-wave S factors. The coordinates of
these models in the space of EFTs (i.e., corresponding values
of EFT couplings), in general, agree with power-counting
expectations. From the difference between the fitted EFTs
and the original models outside the fitted energy range, we
estimate that the truncation error of our calculation is actually
N*LO and thus <1%.

The halo EFT developed here thus covers the space of
low-energy theories of "Be(p, y)®B and has omitted terms
that are negligible over the energy range important for extrap-
olation from laboratory to astrophysical conditions. This facil-

itates our data-driven extrapolation, wherein we use Bayesian
methodology to sample the space of EFT parameters and
compute the posterior PDF in that parameter space based
on data on "Be(p, )®B and the scattering lengths extracted
in Ref. [19]. The resulting extrapolant does not include the
tacit assumptions of a potential model and produces a smaller
(combined theory and experiment) uncertainty than that of
previous evaluations.

Finally, we point out that the EFT and Bayesian method-
ology used here is applicable to other systems with similar
features.
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APPENDIX A: LIPPMANN-SCHWINGER EXPANSION

Following the canonical quantization procedure (e.g.,
Ref. [52]), we can derive a Hamiltonian from the toy-model
Lagrangian in Eq. (1). Without showing the details, we list the
free Hamiltonian density and the strong-interaction potential
density:

H — 62 1 62
olx)=c (— Mc)c +n (— 2Mn)n
2
ol
2Mnc
2
+ (— v A,,)n,, (Ala)
2M,.
Wi(x) = —hg¢'nc +He., (Alb)
W,(x) = —h,n'"n Vg c+He. (Alc)
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The free Hamiltonian and potential Hy = [ dxHo(x),
W; = [dxW;(x), and W, = [ dxW,(x). In principle, the
daggered fields should be represented by the corresponding
conjugate momentum fields, e.g., I1, = 9L/ 8¢, but for sim-
plicity we just use the daggered fields themselves. After quan-
tization, the fields are operator-valued functions depending on
the space coordinate x; when acting on a state in Fock space
the fields annihilate particles while the daggered fields create

particles, for example ¢(x) = f é:;} e’P¢‘x¢P¢ and ¢f(x) =
dPy _iPyx 4T
.f (27!;’36 ¢x¢

P, We stress that no antiparticle degrees of
freedom exist in this theory.

The subtlety due to the extra minus sign for the s-wave
dimer (¢ field) free Hamiltonian in Eq. (Ala) should be
properly dealt with. For this field we impose the canonical
commutation relation [¢(x), ¢T(x")] = —8(x — x’). Then,
if 10) is the vacuum state and |[Py) = ¢;¢|0), it follows
that (Py|Py) = —Q2n)*8(Py — P}). This will not cause any
problems in our EFT, because the particle number is con-
served and finite, and therefore the energy is bounded from
below. However, the completeness relation for the ¢-mode

subspace is
Y Pyl
f amr PP

An alternative approach to deal with the sign is
to introduce an extra sign for defining the ket state,
(Pg| = (0l(—)¢pp,, so that the state’s norm and the ex-
pectation value of Hamiltonian are positive. Physical re-
sults, e.g., the scattering 7-matrix, computed in this way
are the same as in the approach we have used here. All
the other fields have conventional norms and complete-
ness relations, e.g., [c(x), cT(x )] =8(x —x'), (P.|P.) =
(2n)*8(P, — P.), and I, = f (2n)3 |P:){(P,|. (Of course, for
a fermion, the anticommutator should be used.)

Quantization of the electromagnetic sector of the the-
ory needs more care and will not be discussed here (see,
e.g., Ref. [52]). After quantization the Hamiltonian can be

written as
Wy = Z f Q2w )3

=12

(A2)

w9

PAPA(JPA

—efdx Tn(x) - AGx)
ﬁ/dxdx’pN(x)pN(xl).

+ 8 |lx — x’|

(A3)
The first term is the free Hamiltonian for a transverse photon
with two polarizations. The last term is the pure Coulomb
potential W, while the second term is what remains of the
canonical J# A, interaction, which elsewhere in the text we
refer to as — L gy. The current and charge densities associated
with the matter fields, Jy and py, can be derived from the
EFT Lagrangian.

Since the two-particle state |n,c) appears frequently in
the calculation, we now list several important relations be-
tween the individual-particle coordinates R, and R. (mo-
menta P, and P.), on the one hand, and the center-of-mass

coordinate R,. (momentum P,.) and relative coordinate r,,.
(momentum p,,.) on the other:

R, = Ruc + [T, (A4)
R. = Rye — (1 = f)rn, (A5)
P, == f)Pu+ Py (A6)
P.= fPu — p,- (AT)

As mentioned before, f = M./M,.. Based on the single-
particle Fock-state definition, the two-particle-state normal-
izations are

(R'R.|R,R.) = 5(R,
(P,P,|P,P.) =

—R,)8(R. — R,),
Qn)*8(P! — P,)2n)*8(P. —

(A8)
P.). (A9)

The Fock states with given space coordinates are defined as
IR, R.) =n'(R,)ct(R.)|0). Equivalently, these states can be
labeled by variables that manifestly separate out CM motion,

ie., |Puc Pye) = Py P.)and |Rycrye) = |R,R,.). Since
dR,dR. = dR,. dr,., (A10)
dP,dP.=dP,dp,., (A1)

the normalizations for the states of Eq. (A8) and (A9) can be
rewritten as

|Rncrnc> - S(R/ nc')a(r:w - rnc)v (A]2)
= 21)’8(P.,. — Poo)210)8(P. — Ppe)-

(A13)

( nc HL

( ncpnc|Pncpnc>

Plane waves are then written as
(R,R.|P,P.) = ei(Pan+PLR(-) — ei(PmRnﬁ-p,,Jm)
= (Rm' rnc|Pnc Pnc>- (A14)

‘We make extensive use of the so-called Coulomb distorted
states, defined in terms of the plane waves as

[€9)
[P e, X Xp,. ) = < +m

with Hc = Hy + W¢. These states can be computed analyti-
cally, and are

+
(Rnc rnc|Pnc9 Xém,)>

Wc)an, P.), (Al5)

Py ). (AL6)
with X,(,f(_)(rnc) the so-called Coulomb wave functions in
coordinate space [35,91], details of which can be found in
Appendix B.

Now we are in a position to compute several matrix ele-
ments used in the scattering and reaction calculations. For W,
we have

(Py| Wil P, x52)
= (Py] [ dr( sl M P 1)
— 1, Y8(P e — P)xO(0). (A17)

Note the subscripts of momentum variables in the Fock state
indicate the particle type therein. In the second step of the
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derivation, the sign is flipped because of the ¢ state’s negative norm. Hermitian conjugation of this vertex’s matrix element

amounts to complex conjugation of Eq. (A17).

If some care is taken with the operation of derivatives, we can compute the matrix element for W, in a similar fashion:

(P, 70 Wy P, x5) = (P nf|fdr( Vit (P () V e (P P, % )

= t—(27‘r) 8P — P¢)/dr8(r)ajx(i)(r) =iz . (271)38(P,w - P¢)ajx<i>(0). (A18)

The index j corresponds to the dimer state with spin projection j on the Z axis.
We can also calculate the vertex shown in Fig. 10 in the plane-wave basis (in Coulomb gauge):

(P,,P., P,, A"|Lgm|P,, P.) = 27)°8(P e —

+(27)°8(P e —

P:zc - P}’)S(pnc - p;:c

P:w - PV)S(pm

D s [poet (1= f)P]

Puc + (1= )P))e &Gi

C

ny)e

[—Pnc + anc]- (Alg)

Again, A* means the transverse photon with polarization A. P, and €} are the photon’s outgoing momentum and its polarization
vector. It is then straightforward to convert this to a matrix element between Coulomb-distorted states in the frame where the

total initial momentum of the nc system, P, = 0:

(P Xy s Py A Lg | Pre = 0, x5D)

_ 3 ’ (=) —if Py nL‘&
= Q2n)s(P,. + Py)e/drncxp;w (rnc)[e " M

We can also define the full propagator for all the fields,
which is useful in diagrammatic calculations. For example,
we define the full propagator Dy

1

Ffiior P = G a(Pe-

<P;>| |Py) = P;)D¢(P/ , Py E).

(A21)

The states are free dimer states here. The other fields’ prop-
agators are defined in the same way and hence will not be
shown explicitly here. The matrix elements can be expanded
using the LSE.

APPENDIX B: ASYMPTOTIC COULOMB
WAVE FUNCTION

The Coulomb-distorted incoming and outgoing wave func-
tions in coordinate space are

xS r) = e M (1 in)M(Fin, 1 +ikr — ikr), (B1)
R e R R

- em P am - - - - en e e - = -

+ =

Pn Pn Pn '/'/L PI;

FIG. 10. The matrix element of the EM vertex L g, —defined in
Eq. (A3)—between initial free n — ¢ state and final free n — ¢ plus
one transverse photon state.

_ei(l—f>1’y~rm.%](_l6 3r,,p)X (rnc) (A20)

n Cc

(

. _ Z.ZpaemMgr __ ke k2 :
with n = TR = 7 and 5 fgr the relative energy of
the two-particle system. M(a, b;z) is the Kummer function

[43], and at small z,

a a(a + D72

M(a,b;z)=1+gz+m+---. (B2)
By using this expansion, we get
2B = 0) = Cpoet®,
3, xS7(0) = 3C,, 65 ik;, (B3)

. e ENI(+1+in)| 2io; — D(+1+in)
Wlthcnl—wande = Fori=m

As with the plane wave, the Xk (r) have a partial-wave
decomposition:
Fi(k,r)
+) . IR
= 4 _—
Xp (r) T Igm i o

Y, ()Y (7),  (B4)

- GRS i e
X8 )(r)=4n§llTe Y)Y (F).  (B5)

Here Y/"(#) is a conventional spherical harmonic, but
Yiu(#) = Y/"(#)*. Meanwhile, F;(k, r) is the regular solution
of the Schrodinger equation with pure Coulomb interaction at
angular momentum /:

Fi(k,r) = Cpe™ (kr) "M + 1+ in; 21 + 2, —2ikr).
(B6)

It is a real function for real k, r, and k¢, as can be checked
using M(a,b,z) = e M(b — a, b, —z). Associated with it is
an irregular real solution, known as G, (k, r). (More details
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can be found in Ref. [43].) The two can be related to the
Whittaker function [43] for real k, r, and k¢:

Gk, r)+iFy(k,r) = €7 e3"(=i) W_;, 1,1 (=2ikr), (BTa)

Gik,r)—iF(k,r)=e ez Wiyi41Qikr).  (B7b)

Here W, ,(z) is analytic in «, w, and z. An important
property about this function needs to be pointed here, i.e.,
KTl +1-— in)W,-,’H%(Zikr) as a function of k is analytic
on the whole lower complex plane, including the real axis. To
prove this statement first observe that I'(/ 4+ 1 — in) is analytic
when Im k < 0, and, as mentioned before, the Whittaker
function is analytic for nonzero k. Therefore, to prove the
proposed analyticity property, we only need to focus on k —
0 — {0 from the lower plane. The Whittaker function can be
represented in integral form [92] [for z # 0, — 7 < argz < 7,
and Re(“TJrl — k) > 0]:

—1

Xe 2 F00 el w) z ¥
W, u(z) = —f e_“’wz_K<1 + —) dw,
O ST :

(B8)

which leads to

Win 12T + 1 —in)z |—oity

kc

A Foo 2ikr]' %
=e_2‘k’/ e_wwl(w+2ikr)l|:1 + ! r] dw
0 w

+00
- / e Ywle kel gy (when k — 0 —i07),  (B9)
0

which is finite. Note that as long as Im(k) <0, the
—m <argz <m and Re(“—Jrl — k) > 0 conditions are satis-
fied. Equation (B9) indicates that we can analytically con-
tinue K'T'( + 1 — in)W,, 141 (2ikr) from k’s lower half-plane
[Im(k) < 0] to the real axis [Im(k) = 0]. Following the
same arguments, we can analytically continue k'T'(I + 1 +
in)W_i,”l+%(—2ikr) from k’s upper half-plane [Im(k) > 0]
down to the real axis [Im(k) = 0]. This proves the analyticity
properties claimed in the main text.

[1] E. Adelberger et al., Rev. Mod. Phys. 83, 195 (2011).
[2] W. C. Haxton, R. G. Hamish Robertson, and A. M. Serenelli,
Ann. Rev. Astron. Astrophys. 51, 21 (2013).
[3] B. Davids and S. Typel, Phys. Rev. C 68, 045802 (2003).
[4] P. Descouvemont, Phys. Rev. C 70, 065802 (2004).
[5] U. van Kolck, Nucl. Phys. A 645, 273 (1999).
[6] D. B. Kaplan, M. J. Savage, and M. B. Wise, Phys. Lett. B 424,
390 (1998).
[7] D. B. Kaplan, M. J. Savage, and M. B. Wise, Nucl. Phys. B 534,
329 (1998).
[8] C. A. Bertulani, H. W. Hammer, and U. Van Kolck, Nucl. Phys.
A 712, 37 (2002).
[9] P. F. Bedaque, H. W. Hammer, and U. van Kolck, Phys. Lett. B
569, 159 (2003).
[10] H. W. Hammer and D. R. Phillips, Nucl. Phys. A 865, 17
(2011).
[11] G. Rupak and R. Higa, Phys. Rev. Lett. 106, 222501 (2011).
[12] D. L. Canham and H. W. Hammer, Eur. Phys. J. A 37, 367
(2008).
[13] R. Higa, H. W. Hammer, and U. van Kolck, Nucl. Phys. A 809,
171 (2008).
[14] E. Ryberg, C. Forssén, H.-W. Hammer, and L. Platter,
Phys. Rev. C 89, 014325 (2014).
[15] H. W. Hammer, C. Ji, and D. R. Phillips, J. Phys. G 44, 103002
(2017).
[16] G. Audi, M. Wang, A. Wapstra, F. Kondev, M. MacCormick,
X. Xu, and B. Pfeiffer, Chin. Phys. C 36, 1287 (2012).
[17] M. Wang, G. Audi, F. G. Kondev, W. Huang, S. Naimi, and
X. Xu, Chin. Phys. C 41, 030003 (2017).
[18] X. Zhang, K. M. Nollett, and D. R. Phillips, Phys. Rev. C 89,
051602(R) (2014).
[19] C. Angulo, M. Azzouz, P. Descouvemont, G. Tabacaru et al.,
Nucl. Phys. A 716, 211 (2003).
[20] R. F. Christy and I. Duck, Nucl. Phys. A 24, 89 (1961).
[21] E. C. Barker, Aust. J. Phys. 33, 177 (1980).

[22] H. Esbensen, Phys. Rev. C 70, 047603 (2004).

[23] J. T. Huang, C. A. Bertulani, and V. Guimaraes, At. Data Nucl.
Data Tables 96, 824 (2010).

[24] P. Navritil, C. A. Bertulani, and E. Caurier, Phys. Rev. C 73,
065801 (2006).

[25] F. C. Barker, Nucl. Phys. A 588, 693 (1995).

[26] F. C. Barker and A. M. Mukhamedzhanov, Nucl. Phys. A 673,
526 (2000).

[27] C. W. Johnson, E. Kolbe, S. E. Koonin, and K. Langanke,
Astrophys. J. 392, 320 (1992).

[28] P. Descouvemont and D. Baye, Nucl. Phys. A 567, 341 (1994).

[29] P. Navrétil, R. Roth, and S. Quaglioni, Phys. Lett. B 704, 379
(2011).

[30] K. Fossez, N. Michel, M. Ploszajczak, Y. Jaganathen, and R. M.
Id Betan, Phys. Rev. C 91, 034609 (2015).

[31] X. Zhang, K. M. Nollett, and D. R. Phillips, Phys. Rev. C 89,
024613(R) (2014).

[32] X. Zhang, K. M. Nollett, and D. R. Phillips, Phys. Lett. B 751,
535 (2015).

[33] X. Zhang, K. M. Nollett, and D. R. Phillips, EPJ Web Conf.
113, 06001 (2016).

[34] E. Ryberg, C. Forssén, H. W. Hammer, and L. Platter, Eur. Phys.
J. A 50,170 (2014).

[35] X. Kong and F. Ravndal, Nucl. Phys. A 665, 137 (2000).

[36] E. Ryberg, C. Forssén, H.-W. Hammer, and L. Platter,
Ann. Phys. 367, 13 (2016).

[37] M. E. Luke and A. V. Manohar, Phys. Rev. D 55, 4129 (1997).

[38] D. Baye, Phys. Rev. C 62, 065803 (2000).

[39] D. Baye and E. Brainis, Phys. Rev. C 61, 025801 (2000).

[40] H. Esbensen and G. F. Bertsch, Nucl. Phys. A 600, 37 (1996).

[41] D. B. Kaplan, Nucl. Phys. B 494, 471 (1997).

[42] V. Pascalutsa and D. R. Phillips, Phys. Rev. C 67, 055202
(2003).

[43] M. Abramowitz and 1. Stegun, Handbook of Mathematical
Functions (Dover Publications, New York, 1972).

034616-30


https://doi.org/10.1103/RevModPhys.83.195
https://doi.org/10.1103/RevModPhys.83.195
https://doi.org/10.1103/RevModPhys.83.195
https://doi.org/10.1103/RevModPhys.83.195
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1103/PhysRevC.68.045802
https://doi.org/10.1103/PhysRevC.68.045802
https://doi.org/10.1103/PhysRevC.68.045802
https://doi.org/10.1103/PhysRevC.68.045802
https://doi.org/10.1103/PhysRevC.70.065802
https://doi.org/10.1103/PhysRevC.70.065802
https://doi.org/10.1103/PhysRevC.70.065802
https://doi.org/10.1103/PhysRevC.70.065802
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0375-9474(02)01270-8
https://doi.org/10.1016/S0375-9474(02)01270-8
https://doi.org/10.1016/S0375-9474(02)01270-8
https://doi.org/10.1016/S0375-9474(02)01270-8
https://doi.org/10.1016/j.physletb.2003.07.049
https://doi.org/10.1016/j.physletb.2003.07.049
https://doi.org/10.1016/j.physletb.2003.07.049
https://doi.org/10.1016/j.physletb.2003.07.049
https://doi.org/10.1016/j.nuclphysa.2011.06.028
https://doi.org/10.1016/j.nuclphysa.2011.06.028
https://doi.org/10.1016/j.nuclphysa.2011.06.028
https://doi.org/10.1016/j.nuclphysa.2011.06.028
https://doi.org/10.1103/PhysRevLett.106.222501
https://doi.org/10.1103/PhysRevLett.106.222501
https://doi.org/10.1103/PhysRevLett.106.222501
https://doi.org/10.1103/PhysRevLett.106.222501
https://doi.org/10.1140/epja/i2008-10632-4
https://doi.org/10.1140/epja/i2008-10632-4
https://doi.org/10.1140/epja/i2008-10632-4
https://doi.org/10.1140/epja/i2008-10632-4
https://doi.org/10.1016/j.nuclphysa.2008.06.003
https://doi.org/10.1016/j.nuclphysa.2008.06.003
https://doi.org/10.1016/j.nuclphysa.2008.06.003
https://doi.org/10.1016/j.nuclphysa.2008.06.003
https://doi.org/10.1103/PhysRevC.89.014325
https://doi.org/10.1103/PhysRevC.89.014325
https://doi.org/10.1103/PhysRevC.89.014325
https://doi.org/10.1103/PhysRevC.89.014325
https://doi.org/10.1088/1361-6471/aa83db
https://doi.org/10.1088/1361-6471/aa83db
https://doi.org/10.1088/1361-6471/aa83db
https://doi.org/10.1088/1361-6471/aa83db
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1103/PhysRevC.89.051602
https://doi.org/10.1103/PhysRevC.89.051602
https://doi.org/10.1103/PhysRevC.89.051602
https://doi.org/10.1103/PhysRevC.89.051602
https://doi.org/10.1016/S0375-9474(02)01584-1
https://doi.org/10.1016/S0375-9474(02)01584-1
https://doi.org/10.1016/S0375-9474(02)01584-1
https://doi.org/10.1016/S0375-9474(02)01584-1
https://doi.org/10.1016/0029-5582(61)91019-7
https://doi.org/10.1016/0029-5582(61)91019-7
https://doi.org/10.1016/0029-5582(61)91019-7
https://doi.org/10.1016/0029-5582(61)91019-7
https://doi.org/10.1071/PH800177a
https://doi.org/10.1071/PH800177a
https://doi.org/10.1071/PH800177a
https://doi.org/10.1071/PH800177a
https://doi.org/10.1103/PhysRevC.70.047603
https://doi.org/10.1103/PhysRevC.70.047603
https://doi.org/10.1103/PhysRevC.70.047603
https://doi.org/10.1103/PhysRevC.70.047603
https://doi.org/10.1016/j.adt.2010.06.004
https://doi.org/10.1016/j.adt.2010.06.004
https://doi.org/10.1016/j.adt.2010.06.004
https://doi.org/10.1016/j.adt.2010.06.004
https://doi.org/10.1103/PhysRevC.73.065801
https://doi.org/10.1103/PhysRevC.73.065801
https://doi.org/10.1103/PhysRevC.73.065801
https://doi.org/10.1103/PhysRevC.73.065801
https://doi.org/10.1016/0375-9474(95)00021-R
https://doi.org/10.1016/0375-9474(95)00021-R
https://doi.org/10.1016/0375-9474(95)00021-R
https://doi.org/10.1016/0375-9474(95)00021-R
https://doi.org/10.1016/S0375-9474(00)00134-2
https://doi.org/10.1016/S0375-9474(00)00134-2
https://doi.org/10.1016/S0375-9474(00)00134-2
https://doi.org/10.1016/S0375-9474(00)00134-2
https://doi.org/10.1086/171431
https://doi.org/10.1086/171431
https://doi.org/10.1086/171431
https://doi.org/10.1086/171431
https://doi.org/10.1016/0375-9474(94)90153-8
https://doi.org/10.1016/0375-9474(94)90153-8
https://doi.org/10.1016/0375-9474(94)90153-8
https://doi.org/10.1016/0375-9474(94)90153-8
https://doi.org/10.1016/j.physletb.2011.09.079
https://doi.org/10.1016/j.physletb.2011.09.079
https://doi.org/10.1016/j.physletb.2011.09.079
https://doi.org/10.1016/j.physletb.2011.09.079
https://doi.org/10.1103/PhysRevC.91.034609
https://doi.org/10.1103/PhysRevC.91.034609
https://doi.org/10.1103/PhysRevC.91.034609
https://doi.org/10.1103/PhysRevC.91.034609
https://doi.org/10.1103/PhysRevC.89.024613
https://doi.org/10.1103/PhysRevC.89.024613
https://doi.org/10.1103/PhysRevC.89.024613
https://doi.org/10.1103/PhysRevC.89.024613
https://doi.org/10.1016/j.physletb.2015.11.005
https://doi.org/10.1016/j.physletb.2015.11.005
https://doi.org/10.1016/j.physletb.2015.11.005
https://doi.org/10.1016/j.physletb.2015.11.005
https://doi.org/10.1051/epjconf/201611306001
https://doi.org/10.1051/epjconf/201611306001
https://doi.org/10.1051/epjconf/201611306001
https://doi.org/10.1051/epjconf/201611306001
https://doi.org/10.1140/epja/i2014-14170-2
https://doi.org/10.1140/epja/i2014-14170-2
https://doi.org/10.1140/epja/i2014-14170-2
https://doi.org/10.1140/epja/i2014-14170-2
https://doi.org/10.1016/S0375-9474(99)00406-6
https://doi.org/10.1016/S0375-9474(99)00406-6
https://doi.org/10.1016/S0375-9474(99)00406-6
https://doi.org/10.1016/S0375-9474(99)00406-6
https://doi.org/10.1016/j.aop.2016.01.008
https://doi.org/10.1016/j.aop.2016.01.008
https://doi.org/10.1016/j.aop.2016.01.008
https://doi.org/10.1016/j.aop.2016.01.008
https://doi.org/10.1103/PhysRevD.55.4129
https://doi.org/10.1103/PhysRevD.55.4129
https://doi.org/10.1103/PhysRevD.55.4129
https://doi.org/10.1103/PhysRevD.55.4129
https://doi.org/10.1103/PhysRevC.62.065803
https://doi.org/10.1103/PhysRevC.62.065803
https://doi.org/10.1103/PhysRevC.62.065803
https://doi.org/10.1103/PhysRevC.62.065803
https://doi.org/10.1103/PhysRevC.61.025801
https://doi.org/10.1103/PhysRevC.61.025801
https://doi.org/10.1103/PhysRevC.61.025801
https://doi.org/10.1103/PhysRevC.61.025801
https://doi.org/10.1016/0375-9474(96)00006-1
https://doi.org/10.1016/0375-9474(96)00006-1
https://doi.org/10.1016/0375-9474(96)00006-1
https://doi.org/10.1016/0375-9474(96)00006-1
https://doi.org/10.1016/S0550-3213(97)00178-8
https://doi.org/10.1016/S0550-3213(97)00178-8
https://doi.org/10.1016/S0550-3213(97)00178-8
https://doi.org/10.1016/S0550-3213(97)00178-8
https://doi.org/10.1103/PhysRevC.67.055202
https://doi.org/10.1103/PhysRevC.67.055202
https://doi.org/10.1103/PhysRevC.67.055202
https://doi.org/10.1103/PhysRevC.67.055202

MODELS, MEASUREMENTS, AND EFFECTIVE FIELD ...

PHYSICAL REVIEW C 98, 034616 (2018)

[44] M. Goldberger and K. Watson, Collision Theory (Wiley,
New York, 1964).

[45] S. Fleming, T. Mehen, and I. W. Stewart, Nucl. Phys. A 677,
313 (2000).

[46] J. Gegelia, Eur. Phys. J. A 19, 355 (2004).

[47] J. Hamilton, I. Oeverboe, and B. Tromborg, Nucl. Phys. B 60,
443 (1973).

[48] S. Konig, D. Lee, and H. W. Hammer, J. Phys. G 40, 045106
(2013).

[49] K. M. Nollett and R. B. Wiringa, Phys. Rev. C 83, 041001(R)
2011).

[50] H. Knox, D. Resler, and R. O. Lane, Nucl. Phys. A 466, 245
(1987).

[51] S. R. Beane and M. J. Savage, Nucl. Phys. A 694, 511 (2001).

[52] S. Weinberg, The Quantum Theory of Fields. Vol. 1: Foundations
(Cambridge University Press, Cambridge, UK, 2005).

[53] A. . F. Siegert, Phys. Rev. 52, 787 (1937).

[54] C. J. Joachain, Quantum Collision Theory (North-Holland,
Amsterdam, 1975).

[55] A. Aurdal, Nucl. Phys. A 146, 385 (1970).

[56] R. G. Robertson, Phys. Rev. C 7, 543 (1973).

[57] B. K. Jennings, S. Karataglidis, and T. D. Shoppa, Phys. Rev. C
58,3711 (1998).

[58] F. Nunes, R. Crespo, and I. Thompson, Nucl. Phys. A 615, 69
(1997).

[59] F. Nunes, R. Crespo, and I. Thompson, Nucl. Phys. A 627, 747
(1997).

[60] P. Descouvemont and D. Baye, Nucl. Phys. A 487, 420 (1988).

[61] A. Cs6t6, K. Langanke, S. E. Koonin, and T. D. Shoppa,
Phys. Rev. C 52, 1130 (1995).

[62] A. Cs6to, Phys. Lett. B 394, 247 (1997).

[63] H- M. Xu, C. A. Gagliardi, R. E. Tribble, A. M.
Mukhamedzhanov, and N. K. Timofeyuk, Phys. Rev. Lett. 73,
2027 (1994).

[64] A. Cs6t6, Phys. Rev. C 61, 037601 (2000).

[65] A. M. Mukhamedzhanov and F. M. Nunes, Nucl. Phys. A 708,
437 (2002).

[66] A. M. Mukhamedzhanov and N. K. Timofeyuk, Yad. Fiz. 51,
679 (1990) [Sov. J. Nucl. Phys. 51, 431 (1990)].

[67] X. Zhang, K. M. Nollett, and D. R. Phillps (unpublished).

[68] G. M. Hale, L. S. Brown, and M. W. Paris, Phys. Rev. C 89,
014623 (2014).

[69] T. Teichmann, Phys. Rev. 83, 141 (1951).

[70] P. Descouvemont (private communication).

[71] B. Davids (private communication).

[72] S. Cohen and D. Kurath, Nucl. Phys. A 101, 1 (1967).

[73] B. W. Filippone, A. J. Elwyn, C. N. Davids, and D. D. Koetke,
Phys. Rev. C 28, 2222 (1983).

[74] A. R. Junghans, K. A. Snover, E. C. Mohrmann, E. G. Adel-
berger, and L. Buchmann, Phys. Rev. C 81, 012801(R) (2010).

[75] L. T. Baby, C. Bordeanu, G. Goldring, M. Hass, L. Weissman,
V. N. Fedoseyev, U. Koster, Y. Nir-El, G. Haquin, H. W.
Giggeler, and R. Weinreich (ISOLDE Collaboration),
Phys. Rev. Lett. 90, 022501 (2003).

[76] L. T. Baby, C. Bordeanu, G. Goldring, M. Hass, L. Weissman,
V. N. Fedoseyev, U. Koster, Y. Nir-El, G. Haquin, H. W.
Giggeler, and R. Weinreich (ISOLDE Collaboration),
Phys. Rev. C 67, 065805 (2003).

[77] F. Hammache, G. Bogaert, P. Aguer, C. Angulo, S. Barhoumi
et al., Phys. Rev. Lett. 80, 928 (1998).

[78] F. Hammache, G. Bogaert, P. Aguer, C. Angulo, S. Barhoumi
et al., Phys. Rev. Lett. 86, 3985 (2001).

[79] G. Tabacaru, A. Azhari, J. Brinkley, V. Burjan, F. Carstoiu
et al., Phys. Rev. C 73, 025808 (2006).

[80] W. Liu, X. Bai, S. Zhou, Z. Ma, Z. Li, Y. Wang, A. Li, Z. Ma,
B. Chen, X. Tang et al., Phys. Rev. Lett. 77, 611 (1996).

[81] K. Ogata, M. Yahiro, Y. Iseri, and M. Kamimura, Phys. Rev. C
67, 011602 (2003).

[82] O. R. Tojiboev, R. Yarmukhamedov, S. V. Artemov, and S. B.
Sakuta, Phys. Rev. C 94, 054616 (2016).

[83] J. J. Das, V. M. Datar, P. Sugathan, N. Madhavan, P. V. Rao,
A. Jhingan, A. Navin, S. K. Dhiman, S. Barua, S. Nath et al.,
Phys. Rev. C 73, 015808 (2006).

[84] C. A. Gagliardi, A. M. Mukhamedzhanov, R. E. Tribble, and
H. M. Xu, Phys. Rev. Lett. 80, 421 (1998).

[85] J. Walecka, Theoretical Nuclear and Subnuclear Physics
(Oxford University Press, New York, 1995).

[86] K. H. Kim, M. H. Park, and B. T. Kim, Phys. Rev. C 35, 363
(1987).

[87] S. Typel, H. H. Wolter, and G. Baur, Nucl. Phys. A 613, 147
(1997).

[88] F. C. Barker, Nucl. Phys. A 660, 249 (1999).

[89] P. Descouvemont and D. Baye, Phys. Rev. C 60, 015803
(1999).

[90] K. Bennaceur, F. Nowacki, J. Okolowicz, and M. Ploszajczak,
Nucl. Phys. A 651, 289 (1999).

[91] M. Goldberger and K. Watson, Collision Theory (Wiley,
New York, 1964).

[92] H. Buchholz, The Confluent Hypergeometric Function, Vol. 15
(Springer-Verlag, Berlin, 1969).

034616-31


https://doi.org/10.1016/S0375-9474(00)00221-9
https://doi.org/10.1016/S0375-9474(00)00221-9
https://doi.org/10.1016/S0375-9474(00)00221-9
https://doi.org/10.1016/S0375-9474(00)00221-9
https://doi.org/10.1140/epja/i2003-10132-1
https://doi.org/10.1140/epja/i2003-10132-1
https://doi.org/10.1140/epja/i2003-10132-1
https://doi.org/10.1140/epja/i2003-10132-1
https://doi.org/10.1016/0550-3213(73)90193-4
https://doi.org/10.1016/0550-3213(73)90193-4
https://doi.org/10.1016/0550-3213(73)90193-4
https://doi.org/10.1016/0550-3213(73)90193-4
https://doi.org/10.1088/0954-3899/40/4/045106
https://doi.org/10.1088/0954-3899/40/4/045106
https://doi.org/10.1088/0954-3899/40/4/045106
https://doi.org/10.1088/0954-3899/40/4/045106
https://doi.org/10.1103/PhysRevC.83.041001
https://doi.org/10.1103/PhysRevC.83.041001
https://doi.org/10.1103/PhysRevC.83.041001
https://doi.org/10.1103/PhysRevC.83.041001
https://doi.org/10.1016/0375-9474(87)90441-6
https://doi.org/10.1016/0375-9474(87)90441-6
https://doi.org/10.1016/0375-9474(87)90441-6
https://doi.org/10.1016/0375-9474(87)90441-6
https://doi.org/10.1016/S0375-9474(01)01088-0
https://doi.org/10.1016/S0375-9474(01)01088-0
https://doi.org/10.1016/S0375-9474(01)01088-0
https://doi.org/10.1016/S0375-9474(01)01088-0
https://doi.org/10.1103/PhysRev.52.787
https://doi.org/10.1103/PhysRev.52.787
https://doi.org/10.1103/PhysRev.52.787
https://doi.org/10.1103/PhysRev.52.787
https://doi.org/10.1016/0375-9474(70)90731-1
https://doi.org/10.1016/0375-9474(70)90731-1
https://doi.org/10.1016/0375-9474(70)90731-1
https://doi.org/10.1016/0375-9474(70)90731-1
https://doi.org/10.1103/PhysRevC.7.543
https://doi.org/10.1103/PhysRevC.7.543
https://doi.org/10.1103/PhysRevC.7.543
https://doi.org/10.1103/PhysRevC.7.543
https://doi.org/10.1103/PhysRevC.58.3711
https://doi.org/10.1103/PhysRevC.58.3711
https://doi.org/10.1103/PhysRevC.58.3711
https://doi.org/10.1103/PhysRevC.58.3711
https://doi.org/10.1016/S0375-9474(96)00466-6
https://doi.org/10.1016/S0375-9474(96)00466-6
https://doi.org/10.1016/S0375-9474(96)00466-6
https://doi.org/10.1016/S0375-9474(96)00466-6
https://doi.org/10.1016/S0375-9474(97)00626-X
https://doi.org/10.1016/S0375-9474(97)00626-X
https://doi.org/10.1016/S0375-9474(97)00626-X
https://doi.org/10.1016/S0375-9474(97)00626-X
https://doi.org/10.1016/0375-9474(88)90621-5
https://doi.org/10.1016/0375-9474(88)90621-5
https://doi.org/10.1016/0375-9474(88)90621-5
https://doi.org/10.1016/0375-9474(88)90621-5
https://doi.org/10.1103/PhysRevC.52.1130
https://doi.org/10.1103/PhysRevC.52.1130
https://doi.org/10.1103/PhysRevC.52.1130
https://doi.org/10.1103/PhysRevC.52.1130
https://doi.org/10.1016/S0370-2693(97)00031-2
https://doi.org/10.1016/S0370-2693(97)00031-2
https://doi.org/10.1016/S0370-2693(97)00031-2
https://doi.org/10.1016/S0370-2693(97)00031-2
https://doi.org/10.1103/PhysRevLett.73.2027
https://doi.org/10.1103/PhysRevLett.73.2027
https://doi.org/10.1103/PhysRevLett.73.2027
https://doi.org/10.1103/PhysRevLett.73.2027
https://doi.org/10.1103/PhysRevC.61.037601
https://doi.org/10.1103/PhysRevC.61.037601
https://doi.org/10.1103/PhysRevC.61.037601
https://doi.org/10.1103/PhysRevC.61.037601
https://doi.org/10.1016/S0375-9474(02)01011-4
https://doi.org/10.1016/S0375-9474(02)01011-4
https://doi.org/10.1016/S0375-9474(02)01011-4
https://doi.org/10.1016/S0375-9474(02)01011-4
https://doi.org/10.1103/PhysRevC.89.014623
https://doi.org/10.1103/PhysRevC.89.014623
https://doi.org/10.1103/PhysRevC.89.014623
https://doi.org/10.1103/PhysRevC.89.014623
https://doi.org/10.1103/PhysRev.83.141
https://doi.org/10.1103/PhysRev.83.141
https://doi.org/10.1103/PhysRev.83.141
https://doi.org/10.1103/PhysRev.83.141
https://doi.org/10.1016/0375-9474(67)90285-0
https://doi.org/10.1016/0375-9474(67)90285-0
https://doi.org/10.1016/0375-9474(67)90285-0
https://doi.org/10.1016/0375-9474(67)90285-0
https://doi.org/10.1103/PhysRevC.28.2222
https://doi.org/10.1103/PhysRevC.28.2222
https://doi.org/10.1103/PhysRevC.28.2222
https://doi.org/10.1103/PhysRevC.28.2222
https://doi.org/10.1103/PhysRevC.81.012801
https://doi.org/10.1103/PhysRevC.81.012801
https://doi.org/10.1103/PhysRevC.81.012801
https://doi.org/10.1103/PhysRevC.81.012801
https://doi.org/10.1103/PhysRevLett.90.022501
https://doi.org/10.1103/PhysRevLett.90.022501
https://doi.org/10.1103/PhysRevLett.90.022501
https://doi.org/10.1103/PhysRevLett.90.022501
https://doi.org/10.1103/PhysRevC.67.065805
https://doi.org/10.1103/PhysRevC.67.065805
https://doi.org/10.1103/PhysRevC.67.065805
https://doi.org/10.1103/PhysRevC.67.065805
https://doi.org/10.1103/PhysRevLett.80.928
https://doi.org/10.1103/PhysRevLett.80.928
https://doi.org/10.1103/PhysRevLett.80.928
https://doi.org/10.1103/PhysRevLett.80.928
https://doi.org/10.1103/PhysRevLett.86.3985
https://doi.org/10.1103/PhysRevLett.86.3985
https://doi.org/10.1103/PhysRevLett.86.3985
https://doi.org/10.1103/PhysRevLett.86.3985
https://doi.org/10.1103/PhysRevC.73.025808
https://doi.org/10.1103/PhysRevC.73.025808
https://doi.org/10.1103/PhysRevC.73.025808
https://doi.org/10.1103/PhysRevC.73.025808
https://doi.org/10.1103/PhysRevLett.77.611
https://doi.org/10.1103/PhysRevLett.77.611
https://doi.org/10.1103/PhysRevLett.77.611
https://doi.org/10.1103/PhysRevLett.77.611
https://doi.org/10.1103/PhysRevC.67.011602
https://doi.org/10.1103/PhysRevC.67.011602
https://doi.org/10.1103/PhysRevC.67.011602
https://doi.org/10.1103/PhysRevC.67.011602
https://doi.org/10.1103/PhysRevC.94.054616
https://doi.org/10.1103/PhysRevC.94.054616
https://doi.org/10.1103/PhysRevC.94.054616
https://doi.org/10.1103/PhysRevC.94.054616
https://doi.org/10.1103/PhysRevC.73.015808
https://doi.org/10.1103/PhysRevC.73.015808
https://doi.org/10.1103/PhysRevC.73.015808
https://doi.org/10.1103/PhysRevC.73.015808
https://doi.org/10.1103/PhysRevLett.80.421
https://doi.org/10.1103/PhysRevLett.80.421
https://doi.org/10.1103/PhysRevLett.80.421
https://doi.org/10.1103/PhysRevLett.80.421
https://doi.org/10.1103/PhysRevC.35.363
https://doi.org/10.1103/PhysRevC.35.363
https://doi.org/10.1103/PhysRevC.35.363
https://doi.org/10.1103/PhysRevC.35.363
https://doi.org/10.1016/S0375-9474(96)00415-0
https://doi.org/10.1016/S0375-9474(96)00415-0
https://doi.org/10.1016/S0375-9474(96)00415-0
https://doi.org/10.1016/S0375-9474(96)00415-0
https://doi.org/10.1016/S0375-9474(99)00389-9
https://doi.org/10.1016/S0375-9474(99)00389-9
https://doi.org/10.1016/S0375-9474(99)00389-9
https://doi.org/10.1016/S0375-9474(99)00389-9
https://doi.org/10.1103/PhysRevC.60.015803
https://doi.org/10.1103/PhysRevC.60.015803
https://doi.org/10.1103/PhysRevC.60.015803
https://doi.org/10.1103/PhysRevC.60.015803
https://doi.org/10.1016/S0375-9474(99)00133-5
https://doi.org/10.1016/S0375-9474(99)00133-5
https://doi.org/10.1016/S0375-9474(99)00133-5
https://doi.org/10.1016/S0375-9474(99)00133-5



