Coupled-channel treatment of “Li(n,~)8Li in effective field theory
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The E1 contribution to the capture reaction 7Li(n7 ’y)SLi is calculated at low energies. We employ
a coupled-channel formalism to account for the “Li* excited core contribution. We develop a halo
effective field theory power counting where capture in the spin S = 2 channel is enhanced over the
S =1 channel. A next-to-leading order calculation is presented where the excited core contribution
is shown to affect only the overall normalization of the cross section. The momentum dependence
of the capture cross section, as a consequence, is the same in a theory with or without the excited
“Li* degree of freedom at this order of the calculation. The kinematical signature of the "Li*
core is negligible at momenta below 1 MeV and significant only beyond the 3™ resonance energy,
though still compatible with a next-to-next-to-leading order correction. We compare our formalism
with a previous halo effective field theory calculation [Zhang, Nollett, and Phillips, Phys. Rev. C
89, 024613 (2014)] that also treated the "Li* core as an explicit degree of freedom. Our formal
expressions and analysis disagree with this earlier work in several aspects.
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I. INTRODUCTION

Radiative capture reactions with light nuclei sharpen
our knowledge about the primordial evolution of our uni-
verse, the fuel in the interior of stars, and explosive phe-
nomena of astrophysical objects [TH3]. Among them fea-
tures the long-studied “Be(p, v)®B reaction, crucial in de-
termining the flux of solar neutrinos that oscillate into
different lepton flavors on their way to detection in Earth.
The impact to neutrino oscillations and to the standard
solar model of this reaction depends on the information
of the respective cross section around the Gamow energy
~ 20keV. The Coulomb repulsion at such low energies
makes it extremely difficult, if not impossible, for direct
measurements in laboratory, which are presently limited
to as low as ~ 100keV. Therefore, theoretical extrap-
olations of experimental data down to energies of astro-
physical interest is an unavoidable necessity. The mirror-
symmetry, backed by the accidental isospin symmetry of
quantum chromodynamics (QCD) at low energies, is of-
ten invoked to constrain the strong nuclear part of the
reaction. Besides the mirror connection, the "Li(n, v)8Li
reaction may reveal its importance in some astrophysical
scenarios, such as inhomogeneous Big-Bang nucleosyn-
thesis or neutron-rich explosive environments [I} [4].

Experimental studies on the "Li(n, v)8Li reaction date
back to the 40’s [B] followed by a handful of others
between the 90’s and 2010’s [6HIO]. Due to the ab-
sence of the Coulomb repulsion, many measurements
were done in the sub-keV region with good precision,
thus serving as testbed for theoretical low-energy ex-
trapolations. Theoretical descriptions of this reaction
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vary in degree of sophistication and accuracy — ab ini-
tio/microscopic models [ITHI4] are tied to the choice of
two- and three-nucleon interactions and numerical preci-
sion of the method whereas two-body [I5H22] and three-
body [23], 24] cluster configuration with phenomenolog-
ical potentials are much simpler and more flexible with
adjustable parameters to fit data. Halo/cluster effective
field theory (halo EFT) relies on the same cluster ap-
proach, but uses quantum field theory techniques and a
small momentum ratio to provide a model-independent,
systematic, and improvable expansion with controlled
theoretical uncertainties. Halo EFT ideas emerge from
Refs. [25] 26] and were extended to several loosely-bound
nuclear systems (see Refs. [27H29] and references therein).

Halo EFT was first applied to “Li(n,v)®Li in Ref. [30],
which pointed out inconsistencies of potential-model ex-
trapolations of fitted high-energy data to low energies, its
origin, and ways to overcome it. The follow-up work [31]
included E1 capture to the 11 state of 8Li and M1 capture
from the initial 3% resonant state, while the kinematical

impact of the %_ "Li excited-core state was argued to
be of higher-order. A subsequent work by Zhang, Nol-
lett, and Phillips [32] combined halo EFT formalism with
asymptotic normalization coefficients (ANCs) obtained
from ab initio variational Monte Carlo (VMC) calcula-
tion. Zhang et al. considered only E1 transitions, but

included the %7 excited state of “Li as an explicit de-
gree of freedom. Their overall results are qualitatively
similar to ours within the leading-order (LO) theoreti-
cal uncertainties. They find the momentum-dependent
contribution of the excited core of "Li compatible with
a next-to-leading order (NLO) correction, meeting the

expectations of our initial assumptions [31].

Nevertheless, Zhang et al. raised critical comments
to our work, namely, (a) that the excited state of 7Li
must be formally included in a LO calculation of the 8Li
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bound state given its excitation energy of ~ 0.5MeV,
smaller than the ~ 2MeV neutron separation energy of
8Li, (b) that the couplings of the different final state spin
channels were made equal, which influences the rate of
total initial spin S = 2 contribution to the capture reac-
tion, and (c) that capture to the 1% excited state of 8Li
was not a prediction, but an input to constrain our EFT
parameters. Point (c) was our choice and true in certain
sense, though the best we can do within halo EFT itself:
in Ref. [3I] we fixed two remaining renormalization con-
stants (after fixing the usual ones from scattering lengths
and binding energies) to just two input data, the thermal
neutron capture cross sections to the ground 2% and first
excited 17 states of ®Li [6], and postdict capture data
at other energies. Zhang et al., on the other hand, fix
their remaining renormalization constants from their ab
initio calculation. Answer to points (a) and (b) was the
motivation of the present work.

We include the § excited state of “Li core ("Li*) as an
explicit degree of freedom in a coupled-channel formal-
ism, along similar lines of Refs. [33, B4]. In our formu-
lation, the "Li* excited core influences only the channel
with total spin S = 1, which is regarded as a NLO con-
tribution. At this order, the excited core contributions
only affect the overall normalization of the capture cross
section. The capture calculations show that the kine-
matical impact of the excited core degree of freedom is
negligible for momenta in the keV regime, and starts be-
ing noticeable only beyond the 3 resonant state of 8Li,
albeit compatible with a typical next-to-next-to-leading
order (NNLO) correction. A power-counting is proposed
that naturally incorporates the NLO contributions of the
S = 1 channel and 7Li* excited core, the latter with kine-
matic imprints only at NNLO. As a result, up to NLO
the momentum dependence of the capture cross section
in the EFT with explicit "Li* degree of freedom is the
same as that in the EFT from Refs. [30, BI] that did not
include the "Li* explicitly. Once the overall normaliza-
tion of the capture cross sections are fitted to data, the
EFTs with and without excited "Li* core give the same
numerical result.

We also study the effect of the couplings, parameter-
ized in terms of the effective momenta, in the final p-wave
state on capture rate and the spin S = 2 branching ratio
at thermal energy. The use of the same value for the ef-
fective momenta in our previous works [30, [31], consistent
with the power counting, is shown to give satisfactory re-
sults well within a LO expectation. A NLO correction to
this previous LO assumption is sufficient to bring both
capture rate and branching ratio predictions in better
agreement with data.

The paper is organized as follows. In Sec. [[]jwe present
the framework of halo EFT for two scenarios: with-
out [30, 3] and with the "Li* excited core as an explicit
degree of freedom, the latter with the pertinent channels
that couple. Section [[T] contains the relevant formulas
for the "Li(n,v)%Li capture in both theories with and
without “Li*. We also highlight the differences between

our and Zhang et al.’s formulations for the “Li* excited
core in EFT. A survey of possible families of EFT pa-
rameters compatible with given observables is discussed
in Sec. [[V] followed by the proposed power-counting in
Sec. [V} Numerical results and analyses are presented in
Sec. [VI] with concluding remarks in Sec. [VII}

II. INTERACTION

In this section we construct two halo EFTs: one with-
out the explicit “Li* degree of freedom that we refer to
as EF Ty and one with that we refer to as EFT,. In the
former, the low-energy degrees of freedom would be the

spin-parity %Jr neutron, the %7 ground state of "Li, and

the photon. In the latter we also have the %_ excited "Li*
state as an additional degree of freedom. The 2% ground
and 11 excited states of 8Li are represented as p-wave
bound states of the neutron and the "Li ("Li*) core with
binding momenta vy ~ 57.78 MeV (v, &~ 64.22 MeV) and
7 ~ 41.56 MeV (71, = 50.12MeV), respectively [35].
We identify the relative center-of-mass (c.m.) momen-
tum p and the binding momenta with a low momentum
scale @ ~ {70,771, Y%, Y1+ } = p- The breakdown scale can
be associated with pion physics and *He-3H break up of
the core giving A ~ 100 — 150 MeV. Estimates of A from
the sizes of p-wave effective momenta suggest a larger
breakdown scale A 2 200 MeV [30H32]. We assume a
cutoff in between these two estimates and take the ra-
tio @/A ~ 1/3. We only consider the non-resonant E1
capture. The M1 contribution from the 31 resonance ini-
tial state has been considered in Ref. [31], and would be
revisited in a future publication [36].

A radiative capture calculation requires a description
of the initial scattering states, the final bound states,
and the electroweak transition operators. The dominant
contribution to capture at low momentum is from initial
s-wave states to the final p-wave bound state through
the E1 transition. The electroweak operators relevant to
our calculation are one-body currents produced through
minimal substitution by gauging the incoming core mo-
mentum q — g +eZ.A where Z. = 3 is the charge of the
"Li/"Li* core in units of the proton charge e. Thus we
start with a framework for the strong interaction that de-
scribes the initial scattering states, the final bound states,
and the E1 operators.

The strong interaction in the first halo EFT (EFT,)
is given by the Lagrangian

2
£ =Nt [i80+2v

2
O A© o (5 v ©
+ X {A + R 100 + 57 ) | X
¢

2m OF AT ()
“/MZ[XM NP C+hee|, (1)
¢

2
}N%—C’T [i80+ v }C

2me



+ .
where N represents the % neutron with mass m, =

939.6 MeV, C represents the %_ "Li core with mass
m, = 6535.4 MeV [37, B8], M = m, + m. is the to-
tal mass, and g = m,m./M is the reduced mass. We

use natural units A = 1 = ¢. The dimer fields ijﬂ) are

auxiliary that are introduced for convenience. They are
particularly useful in resuming momentum dependent op-
erators but it is equivalent to the original theory without
the dimer [25]. The summation in ¢ is over the rele-
vant s- and p-wave channels—3S;, %Sy, 3P;, 3P,, ° Py,
5 P,—written in the spectroscopic notation 2+1L; with

S the total spin, L the total orbital angular momentum,

and J the total angular momentum [30, [31]. P[(j? are

the projectors for a given channel { whose explicit forms
are provided in Appendix The repeated subscript [j] is
summed over, and it is a single index or double indices as
appropriate for J = 1 and J = 2 states, respectively. For
example, with ¢ = >P, one should read, using Eq. (A4),
Xy = Xag - and gy =5y

The neutron and “Li core interaction, in Eq. , is
mediated through the exchange of the Xff]) fields. These
auxiliary fields can be integrated out of the theory to gen-
erate neutron-core contact interactions without changing
the particle content, and therefore physical observables in
the theory. For example, the s-wave amplitude calculated
later in Eq. is exactly the same as the one calcu-
lated in Refs. [30}, [31] that did not use an auxiliary dimer
field for the s-wave interaction. The unknown couplings
h(© are included in the dimer propagator [39], for conve-
nience, instead of an equivalent formulation where they
appear in the dimer-particle interaction [30} BI]. Again,
this does not affect the calculation of physical observ-
ables. As an example, the capture cross section in this
work is proportional to the product of the neutron-core-
dimer coupling 27/ in Eq. and ZCP2) in Eq.
calculated from the p-wave amplitude. This is exactly the
corresponding product of the neutron-core-dimer cou-
pling K2 and ZCP2) in Eq. (14) of Ref. [31]. The
couplings A(©) | h(©) can in principle be related to elastic
scattering phase shifts if available. The E1 contribution
to “Li(n,v)®Li has been calculated using this theory in
Refs [30, B1]. We will present the results in Section [T}

The second halo EFT with excited "Li* core (EFT,)
can be described with the Lagrangian
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Here the C, field represents the excited "Li* core with

excitation energy F, = 0.47761 MeV [40]. There are a
few other differences with the previous EFTg in Eq. .
In this theory, we have the additional scattering channels
38t, 3Py, and 3P} involving the C, field. We also allow
for the possibility of mixing between channels which is

induced by the off-diagonal terms in the dimer field ijc])

(inverse) propagator matrix. The ! P} channel does not
contribute to the capture through E1 transition but can
be included in the coupled-channel calculation of the p-
wave 1T bound state. The couplings 1<) and #(¢¢"
can be related to scattering phase shifts if available. The
generic index ( is used to represent all the channels, and
one has to appropriately consider interactions only in the
relevant channels as discussed below. A low-momentum
scale yo = 2uFE, ~ 28.0MeV ~ @ is associated with
the excited core [32].

We present coupled-channel calculations for mixing in
361-35F and 3 P,-3 Py below. However, the formalism can
be extended to other scattering channels as well. One
could do the same to include mixing between all S =1
and S = 2 p-wave channels. We discuss later in sub-
section [[TB] our particular choice of p-wave mixing and
the consequence of alternatively mixing all the possible
p-wave channels such as °P;-3P;-2 Pf-' Py of the 11 ex-
cited state.

A. 38,-387¥ Coupled-Channel

A coupled-channel calculation involving s-wave states
was presented in Ref. [33]. See Ref. [34] as well for a
coupled-channel calculation with and without Coulomb
interaction for s-wave bound states. Here we present a
slightly different derivation using the dimer fields instead
of nucleon-core contact interactions. Some of the renor-
malization conditions are a little different but the final
results expressed in terms of scattering parameters are
equivalent. The use of auxiliary fields does not change
physical observables in quantum field theory. We demon-
strate this with explicit calculations.

The coupled-channel s-wave scattering amplitude is a
2 x 2 matrix written as

A () — _%z'D(“”)(E, 0), (3)

where E = p?/(2u) is the c.m. energy and the super-
scripts are the row-column indices of the amplitude ma-
trix. We identify the 35 state as channel 1, and the 2S5
state as channel 2. The dimer propagator is given by

which is conveniently calculated from its inverse
; ()

where Dy ! is the inverse free dimer propagator and ¥ is
the self-energy. We have the free inverse dimer propaga-

Dl=D;' - %



tor directly from Eq. :
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where we only kept the couplings I1(7) in a low-
momentum expansion. In a single-channel calculation
this would correspond to keeping only the scattering
length contribution. The self-energy loop integral is
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where p, = \/p? — 9% +40" and X is the renormaliza-
tion group (RG) scale. We use dimensional regulariza-

tion in the so-called power divergence subtraction (PDS)
scheme [41I] that removes all divergences in space-time
dimensions D < 4. The scattering amplitude has to be
independent of A which can be accomplished with the
renormalized couplings

i) — L s, , (8)
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where we introduced the scattering lengths a;; following
Ref. [33]. Our RG condition differs in the overall sign of
a12. We get
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and in particular the s-wave amplitude

1 .
2m Taas WP«

AMD(p) = = ———=2 = - (10)
K (—TH—ZP)(—@—ZP*)—@

The off-diagonal amplitude mixing channels 1 and 2 is
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These expressions agree with Eq. (2.19) from Ref. [33] in
a theory without auxiliary dimer fields, except the sign of
a12. When the coupling ITy5 = 0, there is no mixing in the
EFT, between the two channels, and the coupled-channel
calculation reduces to two single-channel calculations as
expected.

At momenta p < 7ya, the scattering amplitudes are
analytic around p = 0, and in particular A1 is given

by the effective range expansion (ERE). So we need
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where agl) and 7"(()1) are the scattering length and effective

range in the 3S; channel, respectively. Matching the EFT
expression to the ERE one obtains
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We can fix a1 from agl) and a12 (up to a sign) from 7“(()1),
leaving aso as an undetermined parameter. In principle
as2, a1z can be obtained from the low-momentum mea-
surement of A(*?) [42]. One should note that in EFT,, an
effective range rél) is generated dynamically though we
started with a momentum-independent interaction be-
cause there is a momentum associated with the excita-
tion energy of the core. Ref. [33] considered the situation
where the scattering lengths a;; ~ 1/Q are fine-tuned.
In the 8Li system a((]l) = 0.87(7) fm [43] which is of nat-
ural size 1/A. Thus we assume that all the scattering
lengths a;; ~ 1/A are of natural size. From the last re-

lation in Eq. we see that r(()l) has to be negative.
Further, one notices that 1 — agaya ~ 1 for asg ~ 1/A
which gives a fine-tuned |7“(()1)| ~ a3yai vt ~ 1/Q for
age ~ 1/A ~ aja, ya ~ Q. We can expand the scattering
amplitudes in the Q/A ratio and write

2
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The Q/A expansion in Eq. implies that the non-
analyticity from the open channel involving the excited
core "Li* is a subleading effect. We postpone the com-
parison to the previous calculation by Zhang et al. [32] to
subsection [[TTA] to explain the impact on the total cross
section instead of just the s-wave elastic scattering.

B. 3P,-3PJ Coupled-Channel

The coupled-channel calculation for p-wave states is
very similar to the s-wave states in subsection [[TA] An



important difference is that for p waves we need effective
momentum corrections at LO [25] 26]. Now we write the
free inverse dimer propagator as
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where we identify 3P, as channel 1 and 3Pj as channel
2. The p-wave self-energy term is given by

(B, 0) =T (Jl(—ip) 0 ) |

Iu3 0 Jl(—ip*)
h) =2 (X 4D/dD‘1qq2
! D—1\2 (2m)P-T ¢2 + 22
_ M (3 3 T3
=& (:U 5% )\—1-2)\). (16)

The RG conditions (no sum over repeated indices in-
tended)

e 1 s 3
217(25) 35 . 2 o)
M%7 = — — —X2§;; + =vaAd;20;5 ,
K ai; 9 j T+ 2’7A 2045
,ut(ij) = —Tij - 3/\(52] s (17)

make the inverse propagator (and the scattering ampli-
tude) A-independent:
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where a;; are the p-wave scattering volumes, and r;; that
carry units of momentum are the p-wave effective mo-
menta. We use the same notation for the scattering vol-
ume as used for the scattering length in the previous
subsection. However, the scattering volumes do not con-
tribute to the cross section, and only appear here. Thus
it should not cause any confusion. The p-wave coupled-
channel amplitude is given by

2 p?
A(p) = —F%D(E, 0). (19)

The coupled-channel amplitude is expected to have a
single pole at positive imaginary momentum p = +ivyq
(or py = +i\/73 +72 = +iv.) associated with the 8Li
bound state. This can be made more explicit when spec-
ifying the RG conditions from the ERE around the bind-
ing momentum in Eq. as [31]
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generating a single pole in D(F,0) at negative energy
E = —By = —~2/(2u) on the first energy Riemann sheet
corresponding to a bound state. We verified numerically
that there are no other shallow bound or resonance states
for typical ;; ~ A and experimental ANCs. The residue
at the energy pole of the amplitude is related to the wave
function renormalization constant which is usually calcu-
lated directly as

d
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The wave function renormalization constant reduces to
the single-channel result [30} [3T] when 715 vanishes. In
our calculation we will not assume r15 to be small. We
will simply fit the constants Z11, Z99 to the ANCs with-
out attempting to interpret what it implies in terms of the
scattering parameters because the two 3Py, 3Py ANCs
are not sufficient to determine the three effective mo-
menta r;;.

We briefly explore the consequences of including more
p-wave channels in the mixing, such as the °P,-3 P,-3 Py
case. The calculation would be similar to the 3Py-2P5
case with a diagonal self-energy ¥ (F,0) matrix. The in-
verse free dimer propagator [Do(E,0)]~! containing off-
diagonal terms would depend on 6 scattering volumes a;;
and 6 effective momenta 7;;. The Z;;s would depend on
a combination of r;;s. Though the expressions for Z;;
in a three coupled-channel calculation in terms of effec-
tive momenta would differ from the two coupled-channel
calculation, the numerical values obtained by fitting the
Z;js to the capture data (or ANCs) would remain the
same and would not affect the momentum dependence of
the capture calculation. The single-channel treatment of
5P, is compatible with the fact that the Z in this channel
is much larger than the other two p-wave channels, and
that the measured p-wave phase shifts for "Li(n,n)7Li
and “Li(n,n’)"Li* are of different sizes [42].

In the initial s-wave scattering, the S =2 and S =1
spin channels do not mix as they carry different total an-
gular momentum. Given that the one-body E1 currents
cannot change spins and the ®P, channel is treated sep-
arately from the S = 1 p-wave channels, the capture in
the spin S = 2 and S = 1 channels do not mix, and they
are calculated separately.

A °P-3P-3Pf-1Pix coupled channel calculation is
straightforward. However, we follow the formalism for
the 2% ground state calculation, for simplicity, and treat



5P, as a single-channel. The spin S = 2 and S = 1 initial
s-wave states are treated separately as discussed earlier.
The one-body E1 currents do not change the initial spin
state. Thus, the capture in the S = 2 and S = 1 chan-
nels can be calculated separately when ®P; is treated as
a single-channel. A 3P;-3P}-1Pjx coupled-channel cal-
culation would result in wave function renormalization
constants Z;;s that depend on 6 effective momenta. We
determine these from the capture data (or ANCs) with-
out attempting to interpret them in terms of the short
distance physics contained in the effective momenta.

From the analysis above, we can see that, in the final
state, channel mixing is not crucial in the capture cal-
culation and gives the same numerical result as long as
we fit the wave function renormalization constants Z;;
to capture data (or ANCs) without attempting to inter-
pret their dependence on the p-wave effective momenta.
Channel mixing in the initial state is needed, however, to
include the kinematical dependence of the capture cross
section on the excited "Li* core degree of freedom.

We postpone the comparison to the p-wave bound state
calculation by Zhang et al. [32] to subsection [[IT A

III. CAPTURE CALCULATION

The E1 capture reaction "Li(n,~)%Li is given by the
diagrams in Fig. The excited core "Li* contributes
only in the S = 1 channel. Thus the S = 2 channel
calculation in both EFTys and EFT, are very similar.

(c) (d)

FIG. 1. Double solid line represents a "Li or ‘Li* core as
appropriate, single solid line a neutron, double dashed line a
dressed dimer propagator, wavy line a photon, and ® repre-
sents the final bound state.

We start with the calculation in the S = 2 channel in
EFT,q first. The squared amplitude for the capture from

the initial ®Sy state to the 27 ground state 8Li is [30, [31]

5py |2 Zomy, \ 2 64naM? 21 s
M( PZ) — 2J—|—1 < C ’n) 72( PQ)
MEP|" = @+ 1) (27 e

2 2
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where J = 2 and a = e?/(47) = 1/137. The initial state
strong interaction in the s-wave is given by the amplitude
2 1

A()(a(Q)vp) =T > (24)
0 o=ty —ip
0

with the scattering length aé2) = —3.63(5) fm [43] scal-
ing as 1/Q. The use of auxiliary dimer field x92) in
deriving Eq. results in the same expression as the
calculation without auxiliary field in Refs. [30, [31]. The
loop contribution from diagram (b) of Fig. [1|is contained
in the function

Bt = (2 4‘”/ d°~'q  ¢*4p/(D 1)
LR @m)PT (=9 —07) (¢ +77)
B A 1 ip3 —~3
_M(% ) (25)

Fig. [1] (d) is proportional to Jo(—ip). The combination
Bo(p,7) + Jo(—ip) is RG scale independent. The wave
function renormalization constant in the ® P, channel, as-
suming a single-channel calculation, has the simple form

27 em) 7# ’ (26)
H i 2+ 3%
where 7"§5P2) is the p-wave effective momentum in the 5P,

channel. In EFT,, the capture from initial 38, state to
the 27 ground state is given by a similar expression as

above in Eq. with the replacements a(()Q) — a(()l) for

the scattering length in the 35; channel, and rf&) —

rfPZ) for the effective momentum in the P, channel.

To calculate the cross section, we need to combine the
contributions from the spin S = 2 and S = 1 channels
with appropriate weights. We use the result of a three
nuclear-cluster microscopic treatment from Ref. [24] that
finds the 27 ground state of ®Li is composed mostly of a
p3/2 valence neutron state. The Clebsch-Gordan decom-
position of the p3/; state in terms of the 5Py and 3P,
state for the total angular momentum-parity J™ = 27,
azimuthal number J, = m is then

|2, m) =alS=2,L=1,J =2,J, =m)
+V1—la2|S=1,L=1,J=2,J.=m), (27)

with @ = 1/ V2 in the standard Condon and Shortley
sign convention. The p3/, configuration implies equal



contributions from the 5P, and 3P, states to the 21 8Li
ground state. The total c.m. cross section for the capture
to the 27 state in EF Ty is, then, given by

ot 1 P2
o () = 167M2 p 8['2‘A4(
Py
+ (1 Jaf?) | MG } (28)

It is straightforward to extend this calculation for the
capture to the 17 excited state—one replaces J = 1 in
Eq. 7 Yo — 71 for the 17 state binding momentum,
and uses the appropriate p-wave effective momenta in
the 3P, and ® P, final states. To determine the relative
contributions of the ® P; and 3 P; states to the 11 excited
state of 8Li, we again use Ref. [24] that finds 1% to be
mostly composed of the p; /o neutron state. The Clebsch-
Gordan decomposition of py 5 in terms of the * P and Py
states reads

1T,m)=0b/S=2,L=1,J =1,m)
—V1I-PRIS=1,L=1,J=1m), (29)

with b = 4/5/6 in the standard sign convention. The
choice b = 1/4/2 in Ref. [31] was an error that we correct
here, see Fig. [f]

Next we discuss the capture process in EFT,. The
capture in the spin S = 2 remains exactly the same as
Eq. . The additional contributions in EFT, come
from Figs. 1| (b) and (d) in the spin S = 1 where the initial
state s-wave interactions have to be described in terms
of coupled-channel amplitudes A and A2 derived
earlier in Eq. . The contribution from A®?) also
entails modifying the momentum of the core in the loops
with a photon attached in Fig. (1| (b) and (d). The spin
S = 1 p-wave contribution to 8Li is included as a coupled-
channel calculation as discussed in subsection [IB] with
the relative contributions of the channels determined by
the coupled-channel zZCP 2), ZCP) A direct calculation
of capture to the 27 ground state in spin S = 1 channel
is given by

P ZC n 2 647(()[M2 27 P.
) ’1 —|—2 (11)(p) [Bo(pv ’YO) *JO( Zp)]
3p2 ’Yg

= a925) [ By (o293 ) + o (i)

z(GP5) |2
>< e —
Z(P)
In EFT, we get

(30)

(") 1
El*(p) 167M2 p P 8

[ IQ‘M( Py)

3P
(1= Jal?) MG

} T

with |a|?> = 1/2. The relative contribution to capture
in the spin S = 2 channel, which is not treated as a
coupled-channel, remains the same in EFTg and EFT,.

In EFT,, the extension to the capture to the 11 state
with J = 1 is straightforward with v — 71, |a|> —
|b|?> = 5/6, and the appropriate modification of the wave
function renormalization constants ZCF2) — Z(3P1),
ZCP) — ZCPY for the 3P; and 3Py states, respectively.

The final state decomposition used in the EF Ty and
EFT, in terms of the S = 2,1 channels gives an accurate
description of the thermal [6] and sub-thermal [§] cross
section. In Fig.[f]and the S = 2 branching ratio (bottom
2 rows) in Tables [[| and the EFT,s/EFT, predictions

use only the measured ANCs [44] and aéz) as input.

A. Previous mixed-channel calculation

In this subsection we compare our formalism with the
previous work by Zhang et al. [32]. Their calculation
differs from our result for the “Li* contribution primarily
in the treatment of the p-wave bound state channels, the
incoming s-wave channels, and the power counting. We
will comment on the differences in the latter after we
propose our power counting in section [V]

In the final p-wave 2% ground state calculation, the
interaction used by Zhang et al. [32] produces mixing be-
tween all p-wave channels: °P,, 3P, and 3Py, see Eq. (14)
in Ref. [32] whereas we only mix the 3P, and 2Py chan-
nels. The difference in the number of mixed channels is
not crucial to the analysis but how the mixing is imple-
mented. The three-channel mixing in Ref. [32] is achieved
by introducing a single auxiliary dimer field that couples
to the neutron-core in the 5P, 3P, and 3Py channels
with 3 different couplings. A consequence of this con-
struction is that the amplitudes in the inelastic channels
(off-diagonal terms) are specified once the elastic chan-
nels (diagonal terms) are known. For example, scattering
in the inelastic ® P,-3 P, channels is specified by the scat-
tering in the elastic P, and 3P, channels, respectively.
A priori there is no known low-energy symmetry that
predicts such a simplification.

In EFT, the kinetic energy terms of the p-wave dimer
propagators are associated with the corresponding effec-
tive momenta. The RG conditions imposed in deriving
Eq. (15) of Ref. [32], result in a single effective momen-
tum which is not unexpected since the calculation in-
volved a single dimer field. Therefore, this would predict
that the low momentum phase shifts for P, 3P, and
3Py channels determined by the same binding momen-
tum 7y and p-wave effective momentum r; are identi-
cal [32] up to higher order scattering parameter correc-
tions. Measured p-wave phase shifts for “Li(n,n)7Li and
"Li(n,n’)"Li* doesn’t support this [42]. In contrast, the
coupled-channel calculation presented in subsection [[TB]
involves three separate effective momenta 711, 12, 722,
and the phase shifts in 2P, and ®Pj channels would dif-



fer. The extension to coupled-channel calculation mixing
° Py-3 P,-3 Py would involve 6 separate effective momenta,
and would result in different phase shifts in ® P, 3P, and
3Py channels, respectively. There is no low-energy sym-
metry to expect the spin S = 2 and spin S = 1 p-wave
phase shifts to be the same at low momenta up to cor-
rections that enter the calculation beyond the effective
momenta.

Two RG conditions were imposed in Eq. (15) of
Ref. [32] by matching the T-matrix for n-"Li elastic scat-
tering in the 27 channel to the p-wave ERE. The sin-
gle dimer EFT of Ref. [32] allows for 5P, — 3P, and
3P, — 5P, transitions that were not included. These
channels can contribute because the dimer field can con-
nect to these external states though they are not allowed
in the self-energy contribution in Eq. (14) of Ref. [32].
Thus in addition to h%s Ps) + h?3 Py) and h%g Py the com-
bination hs p,)h(sp,) should enter the calculation of the
T-matrix , but not their dimer propagator, in Ref. [32].
In the single dimer formalism, then, the three unknown
EFT couplings have to be determined from two RG con-
ditions. We did not explore how this omission affects
the renormalization of divergences in the theory and the
wave function renormalization constant calculation from
the residue of the T-matrix. The bound state T-matrix
calculation for the 1T state in Eq. (20) of Ref. [32] has
similar omissions that affect the RG conditions in Eq.
(21). In the coupled-channel calculations we present, all
the EFT couplings are determined in terms of scattering
parameters through the RG conditions in Eq. . There
are other minor technical differences in our calculations
such as we subtract both the linear and cubic divergences
for the p waves in PDS [30, 31] instead of just the linear
divergences [32] that appear in the p-wave calculations.

In the incoming s-wave channel, the comparison with
Ref. [32] is not simple since only the interactions for the
elastic 39 (diagonal channel 11) and inelastic 3S57-2S§
(off-diagonal channel 12 or 21) scatterings are shown.
Possible elastic 357 (diagonal channel 22) scattering, and
how the parameters in the three channels due to the mix-
ing relate to each other, are not indicated. Zhang et al.
describe the scattering amplitude in the inelastic 351-2S5
channel by a coupling g(sg+) ~ 2m/(puA). Thus scatter-
ing amplitude in the elastic 3S; and inelastic 351—3Sf
channels both scale as 27/(uA) which is the same scal-
ing as ours. Moreover, the two calculations find the LO
s-wave amplitudes to be a constant. However, this simi-
larity is only superficial. s-wave amplitudes at LO with
natural-sized scattering lengths are expected to be con-
stants since they are in s wave. We do not know how
the single coupling gsy) and the associated scattering
parameters relate to the couplings and parameters in the
elastic 3S; and 35} channels. In our expression, we pre-
dict A2 = —ay5 A0 /a15 at LO. Tt is not possible to
infer if such a relation also holds in Zhang et al.’s cal-
culation. This identification is necessary to interpret the
short-distance contribution of the excited "Li* core ex-
plicitly. Moreover, the /A expansion of the amplitudes
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depends on the size of r(()l) that follows from Eq.

AL - A02) at small but finite momentum p in Eq. ||
(13)

The scaling of the s-wave effective range 7’81) is not indi-
cated in Ref. [32] which again makes a direct comparison
to the present work difficult.

IV. A SURVEY

~<

N N
N

3
r1( Pz) (fm'1)
|
N
o

FIG. 2. Correlations in EFTgs. Dashed curves: Contour plot
of capture cross section to the 2% state at thermal energy
normalized to data [6]. Solid lines: Contour plot of branch-
ing ratio of capture cross section to the 27 state in the spin
S = 2 channel at thermal energy. The boxed numbers in-
dicate the values on the corresponding contour lines. The
x marks the parameter value risP"’) = —147fm™ " = riSPZ)
used in Ref. [31]. The o marks T'YPQ) = —1.37fm™*, rESPz) =
—3.0fm™"! obtained from fits to ANCs from Ref. [44] that are
labeled as EFTys ANC in Table |I|, Fig.[3] and in the text.

The E1 cross section in Eq. was calculated ear-
lier in Refs. [30, BI]. It depends on four scattering pa-

5 3
rameters a(()z), aél), r§ P2) and r§ P2) " The two effective

momenta are not known experimentally, and the capture
to the 2% 8Li ground state is sensitive to only a com-
bination of these. In the following we define the ther-
mal ratio as the theory calculation of the capture cross
section to the 2% 8Li ground state at thermal energy, di-
vided by the corresponding experimental value [6]. Fig.
shows that a single parameter family of p-wave effective
momenta can reproduce a given thermal ratio (dashed
curves). The solid lines show how a single parameter
family of p-wave effective momenta can produce a given
branching ratio W, of the capture to the S = 2 channel

at thermal energy. In Refs. [30, B1] a common effective

momentum r§2+) ~ A was used for both risPQ) and TESPQ)

for convenience which reproduced the thermal capture
rate. This also gave a branching ratio that is consistent
with the experimental lower bound of W, > 0.86 [45],
once the theory errors from the EF Ty, in Ref. [31] are



also 3taken into consideration. A NLO 30% correction
(*P2)

to is sufficient to satisfy the W, bound in Fig.
We mention that earlier works have estimated the lower
bound as 0.80 [46] and 0.75 [47], respectively. Apply-
ing the branching ratio lower bound W, > 0.86 to the
experimental constraint on thermal capture rate would

restrict TESPz) ~ —1.5fm™! but leave rfpz) < —2fm!

completely unbound from below.
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FIG. 3. Capture to the 2* ground state in the c.m. frame,
with v, the neutron velocity. Ref. [31I] results without the
initial state d-wave contribution are shown as the (black)
dot-dashed curve for EFTgs A, the (red) dashed curve for
EFTgs ANC, and the solid (blue) curve for EFT, ANC. The
grid lines are at the 37 resonance momentum pr = 19.1 MeV
and the “Li* inelasticity ya = 28.0 MeV.

The result from Ref. [3I], without initial state d-wave
contribution, is plotted as EF T4 A in Fig. [3| where data
from Refs.[6l [7, O] are also shown. As pointed out in
Ref. [32], one could use the known ANCs Cf)g to fit the
effective momenta using the relation:

2
2
Ce= Tz, (32)
. T
where ~ is the appropriate binding momentum in the
channel (. We use the following ANC values: 012 sp, =

0.352(28) fm~', Cf,;p, = 0.080(13)fm~', CF;p =

0.047(4) fm =1, (712’31,1 = 0.035(5)fm~! from neutron
transfer reaction [44] and 01273135 = 0.147(5) fm~1,
Cf’gpl* = 0.0458(10) fm~! from an ab initio calcula-
tion [32]. 012’5132, 01273]32, 612,51317 C’ig,P1 were calcu-
lated from the measured [44] 012,173/2 = 0.384(38) fm 1,
Ct,,,, = 0.048(6)fm~", Cfﬁpg/z = 0.067(7) fm~1,
012717;/2 = 0.015(2) fm~! using Egs. , 1' Cisp, =
%[CLPSM - Ol,pl/z]v 01,5P2 = %[Cl,pg/z + Clap1/2]7
Cisp, = %[\/50147;/2 - C1,p;/2], Cisp, = %[Cl,pg/z +
\/gcl,p{/2]~ The signs of 017103/2’ Cl,pl/z, Cl,pg/Qv Cl,p{/Q

were picked to be compatible with ab initio calcula-
tions [32] [48].

The experimental ANCs from Ref. [44] give CP2)

r
—1.37fm™!, rgsz) ~ —3.0fm~!, shown in Fig. [2l which
are consistent with the expectation from the analysis
above. The corresponding result for the capture cross
section is plotted as EFTy, ANC in Fig.[3] Though the
curves EFT,ys A and EFTys ANC differ, this difference is
within the expected theoretical error. We provide a more
robust theory error estimate later in Section [V] when we
develop the EFT power counting relevant to E1 transition
at low momenta. Table[[lists some of the fit parameters,
and the thermal and branching ratios.

In Fig. |3| we also plot the capture calculation to the
2% state in EFT,. It is labeled as EFT, ANC. In the

spin S = 2 channel this cross section depends on aéz)

and ZCP2),
(

eters %1)7 a1, ase, and overall normalization constants
Z(3P2), 2ZCP5) . The unknowns Z(5P2), 2ZCP2) are con-
strained from the measured ANCs [44], and ZCP) g
constrained from the calculated ANC [32]. We take ago =
—1/200(140.4) MeV~! and a;5 = 1/200(140.4) MeV 1.
The result shows a correlation between asg and a2, and
other sign choices for these two scattering lengths vary
the result a few percent (well within a NNLO contribu-
tion we discuss later). We picked the combination that
gives a better description of the thermal data but it is
not crucial for the analysis. In this plot we did not ap-
proximate the s-wave scattering amplitudes A1), A(12)
in Eq. by the Q/A expansion. We use the central
values of the parameters for the plots. A more careful
accounting of the input error is given later. One notices
that the curves EFTys ANC and EFT, ANC are compat-
ible with each other within the expected errors regarding
their momentum dependence. In particular, the open-
ing of the inelastic threshold at p = ya = 28.0MeV
remains a small effect. Nevertheless, the range of mo-
mentum where the explicit “Li, degree of freedom gives
the largest contributions is where the M1 capture due
to the 31 resonance is already predominant [31]. Given
that pr < ~va, the inclusion of the 3T degree of free-
dom precedes that of the “Li, in the formulation of the
low-energy effective theory for the "Li(n,~)8Li reaction
if we attempt to describe data. Still, one can analyze

In the § = 1 channel we need the param-
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TABLE 1. "Li(n, v)®Li capture to the 2% state. We estimate the parameters as described in the text. Interpretation of ’I“f P2) from

2ZCP2) assumes a single-channel calculation for S = 2. In EFTgs, a single-channel calculation gives r§3P2> = —1.47(1) fm~! and
3 .
r§ P2) — —3.0(4) fm™* for 2ZCP) = 7.1(2) and 2CP) = 1.9(3), respectively. Thermal ratio is the EFT cross section normalized

to Lynn data [6].

Branching ratio is the capture in the S = 2 spin channel compared to the total cross section at thermal

momentum.

Theory 2ZCP2) r§5P2> (fm™1) 2ZCP2) Thermal ratio Branching ratio
EFT,, A 7.1(2) —1.47(1) 71(2) I 0.809(9)
EFT,s ANC 8.5(7) —1.37(4) 1.9(3) 1.03(8) 0.95(1)
EFT, ANC 8.5(7) —1.37(4) 1.9(3) 1.0(1) 0.96(5)
EFT,./EFT, Lynn LO 8.8(2) —1.35(1) — 1 1
EFT,,/EFT, Lynn-ANC NLO 8.1(2) ~1.39(1) 1.9(3) 1 0.92(2)
EFT,./EFT, ANC LO 8.5(7) —1.37(4) — 0.98(8) 1
EFT,/EFT,. ANC NLO 8.5(7) —1.37(4) 1.9(3) 1.05(8) 0.92(2)

the non-resonant capture theoretically. We interpret the
plot of EFT, ANC as indicative of the fact that the "Li*
contribution to the initial s-wave scattering at these en-
ergies is a subleading effect. The contribution of the "Li*
to the bound state wave function cannot be separated
completely with the two ANCs for 3P, and 3P2* states
to constrain the three relevant p-wave effective momenta
r11, 12, and roo in Eq. 1) The fitted ZCP2) can be

interpreted in terms of rf P2) in Table if treated as a
single-channel calculation. In Table [ we also list the
thermal and branching ratios for the EFT, ANC fit.

V. EFTg AND EFT, POWER COUNTING

We start with the capture to the dominant 2% state.
Capture in the spin S = 2 channel is about 4 times larger
than in the spin S = 1 channel [49]. If we consider the
branching ratio for capture in the spin S = 2 channel to
the 2% ground state in EF T, at threshold, then we can
analytically calculate [30] from Eq.

O'(SPQ)
0_(5]32) + 0_(37}32) =
(3-— Qa(()z)'yo)22(5p2)

(8 = 20§790)2ZCP) + (3 — 20 79)2ZCP)

(33)

)

which indicates that the dominance of the S = 2 channel
capture is due to a combination of the larger numerical

value of |a62)| > aél), and also the respective signs of the

scattering lengths, even if we take 2ZCP)  2CP2) | The
calculated ZCP2) > 2CP2) in Table [l makes the branch-
ing ratio even larger. In EFT, we can only assume numer-
ical sizes for the s-wave scattering lengths and not make
prediction about their overall signs. Thus to develop a
power counting, we have to explicitly account for the
empirical fact that capture in S = 2 dominates which re-

quires more than the scaling |aé2)| ~1/Q > a(()l) ~ 1/A.
We will take the dominance of capture in spin S = 2

channel as given in addition to the scaling of the s-wave

scattering length. Thus we count capture in the S = 1
channel to be NLO (a subleading effect). In the dominant
spin channel, the s-wave scattering length |a(()2)| ~1/Q
is large. At low momentum the contribution from the
initial state interaction scales as a((f) (Bo + Jp). The loop
integral combination scales as By + Jg ~ . Thus the
contributions from the diagrams with and those without
initial state strong interactions in Fig. [I| are of the same
size O(1) in the Q/A expansion. This constitutes the LO
contribution in both EFTg and EFT,.

The cross section in the S = 2 channel is propor-
tional to the wave function renormalization constant
ZCP2) that depends on the binding momentum vy ~ @

§5P2) ~ A. Ideally, one ex-

5 5
pands ZU'F2) in ’}/0/7’5 P o Q/A. However, the ac-
tual expression in Eq. (26]) would involve an expansion in

3X v/ |r§5p2)| < 1 that converges slowly, see Table We
just resum the entire series since the exact expression is
known [30,31]. In Eq. (26), there are no corrections from
higher order p-wave scattering parameters once the ERE
parameters are expanded around the pole at p = iy in-
stead of a Taylor series around p = 0, similar to Eq.
but for a single-channel. Alternatively, a compromise
would be to adhere to a strict /A expansion but use
the so called zed-parametrization. It was introduced in
Ref. [50] for s-wave bound states. Ref. [3I] extended the
formalism to p-wave bound states though didn’t apply it
to the actual calculation, choosing to instead resum the

and effective momentum r

30/ TYPZ) series. The zed-parametrization in 5P, chan-
nel would recover the exact result at NLO at the cost of
introducing large corrections to the LO result.

At NLO, there is an s-wave effective range réQ) ~1/A
correction. The capture data at low energy is not sen-
sitive to this parameter. Fig. [] shows the sensitivity to
r(()2) in the range —5fm to 5fm. We include this in our
error estimates later in the analysis.

The capture in the spin S = 1 channel starts at NLO,
and the power counting for EF Ty and EFT, has to be
discussed separately though they have the same momen-
tum dependence up to NLO. We start with EF Ty, where



the contributions from Figs. [I| (b), (d) from the ini-

tial state interactions scale as a(()l)(Bo + Jo). Given the

smaller aél) ~ 1/A in this channel, these initial state
interactions are @)/A suppressed compared to the con-
tributions from Figs. [1| (a), (¢), thus they constitute a
NNLO contribution. The wave function renormalization
constant ZCP2) has the same form as Eq. for the
S = 2 channel.

In EFT, there are two differences in the S = 1 chan-
nel from the previous discussion due to the mixing in
the initial 3S;-3S7 scattering state and final 3P-3 Py
bound state. The scattering state contribution scales as
AU (By + Jo), AM)(By + Jy). In the S = 1 channel,

aél) ~ 1/A and assuming all the scattering length pa-
rameters aj; ~ ajz ~ agz ~ 1/A to be natural as well,
we see from Eq. that the initial state interaction in
this channel also scales as /A compared to the contri-
butions Fig. [1] (a), (¢) without initial state interaction.
Thus in this theory also the scaling for the s-wave in-
teraction is similar to EFTy up to NLO. There is one
difference, however, from before. Now we have two wave
function renormalization constants ZC P 2), ZCP) that
are shown in Eq. . Given that the ANCs for 2P, and
3Py [32] 48] are of similar size, we do not attempt any
perturbative expansion in the mixing parameter ris.

To summarize, the LO contribution to the capture to
the 27 ground state is from the spin S = 2 channel.
At this order the cross section depends only on the 55,

scattering length ag2) and the wave function renormal-

ization constant 272 in both EFT,s and EFT,. The
NLO corrections come from the °9, effective range r(()Q)
and from the capture in the spin S = 1 channel without
initial interaction in either of the two theories, EF T4 or
EFT,. Thus the momentum dependence in EF Ty and
EFT, are indistinguishable at NLO. Up to this order,
the difference between the two theories lies in the inter-
pretation of the wave function renormalization constant

ZCP)_ip EFTgs one directly relates ZCP2) with the p-
wave effective momentum 7"§3P2). In EFT,, ZCP2) (and
Z(3P5)) is a function of three effective momenta ry1, r12,
r99. The NLO result depends only on Z(SPZ)7 Z(sz),
and once they are fitted to capture data and/or ANCs,
EFTg and EFT, results are indistinguishable.

The proposed power counting for the capture to the
11 state of ®Li in this work is very similar to the one
proposed above for the 2+ ground state. The excited 8Li
binding momentum -y is relatively smalleg and effective
momentum r%dpl) is larger than 7o and TYPQ) of the 8Li
ground state, respectively, see Table In 5P; channel
we could use the zed-parametrization with a smaller NLO
contribution. To keep the presentation simple, we resum
and use the exact ZCP) at LO, similar to the ZCP)
calculation.

We end this section with a discussion of higher order
corrections. The three main contributions to the capture
cross sections, discussed earlier in section [T} are from
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initial state scattering, electromagnetic currents, and fi-
nal bound state calculation. The contribution from the
bound state calculation is contained in the wave func-
tion renormalization constants Zs whose expressions are
known exactly in terms of the p-wave effective momenta.
These do not receive corrections from higher order scat-
tering parameters. We simply fit the Zs to capture data
and/or ANCs, and consequently no theory error is asso-
ciated with the bound state calculation.

At the momenta p < 7o that we consider, E1 transi-
tion is the most relevant one. M1 transition was found
to be relevant only around the 3T resonant momentum
pr = 19.1 MeV [3I]. The E2 transition strength was es-
timated in Ref. [10] to be several orders suppressed com-
pared to the E1 strength. The E2 capture cross section is
suppressed by additional factor of kj compared to the E1
capture when relating cross sections to electromagnetic
transition strengths [51), 52], and thus neglected here.

For capture to the 2% ground state one can
consider in EFTg generic two-body E1 op-

erators (BZC/MC)LQ[XE;PQ)]TEkxg:SySQ)Ejkm‘y and
3 3

(GZc/Mc)Ll[ngPQ)]TEIX:E/Sl)Rijmy in spin S = 2

and S = 1 channels, respectively. FE is the electric

field, and Tjjkzy, Rijzy are defined in Appendix @ The
dimensionless couplings L; are defined to be compatible
with the dimer-neutron-core coupling in Eq. . For
example, the capture from ®S, involves large rescattering
due to the large numerical value of the s-wave scattering
length, and a direct calculation gives an amplitude
proportional to —(eZ./M.)D(E,0)koLar\/21ZCF) /[y
with kg = (p? + 73)/(2u) the photon energy. From
Eq. 1} one notices that, for p < 1/|a52)|, one has
D(E,0) ~ a((f) and the two-body current gives a
relative contribution agkoL2 [factoring out the com-
mon (eZ./M.)\/2nZCF2) /] to the amplitude. In
Refs. [30, BI], k¢ was estimated to scale as Q2/A,
however, given the large value g > A it is numerically
more reasonable to assume A/p ~ Q/A [53 4], thus
ko ~ Q3/A2. Using |a82)| ~ 1/Q we estimate the relative
two-body current contribution apkoLa ~ Q?/A2, a
NNLO effect for a natural-sized Loy ~ 1. This estimate of
the two-body current is one order higher in perturbation
than the estimate in Refs. [30, BI] due to the different
scaling of k.

One can integrate out the auxiliary 55, dimer field
without any physical consequences. From Eq. ,
replacing the dimer field through the equation

5 5
(eZc/Mc)L2[X('jPZ)]TEkXéySZ)Tijkxy -

—(eZe/Mo)y/2m [ uLalx; ) B (N QijC) T sy / ACS)

where @;; is the appropriate Clebsch-Gordan coeffi-
cient matrix defined in Appendix [A] The contribution
from this two-body operator written without the
dimer field is straightforward to calculate. One

gets  —(eZo/M.)(koLa/ACSD)\/2r ZCP) [/l —
27 Jo(—ip) /(uACS2))] where the loop integral Jo(—ip)

of motion,



was defined earlier in Eq. (7). Application of the RG
conditions similar to Eq. for single-channel results in
the same relative contribution agkyLo at low momentum
in the theory without °S, dimer as expected.

Two-body current contributions from initial 3S; chan-

nel are even smaller. The scattering length aél) ~1/Ain
this channel does not give the enhancement we get from

a(()Q) ~ 1/Q. Unlike the S5 channel, the strong inter-

action is perturbative and one expands in pagl) ~ Q/A.
Moreover, the capture in spin S = 1 is one order sup-
pressed so two-body currents in this channel are beyond
NNLO. In EFT,, mixing in the final p-wave bound state
doesn’t change the power counting estimate of the two-
body currents as it only affects the calculation of the Zs.
Moreover, mixing in 25;-3SF does not result in a large
scattering length in our power counting. The S = 1 chan-
nel remains subleading and the corresponding two-body
currents in EFT, are beyond NNLO.

E1 capture can proceed from both initial s and d waves.
The d-wave contribution without strong interaction, rel-
ative to the s-wave contribution, is found [30, 31] to scale
as p?/(p? +~?) in the capture amplitude which, though
formally O(1) for p ~ =, is kinematically suppressed at
low momentum. One takes v = g, 71 as appropriate
for capture to the 2% and 17 8Li states, respectively. At
p 2 40 MeV, this contribution is around 10% for capture
to the 2% ground state in the dominant S = 2 channel,
and we count it as a NNLO contribution. Strong interac-
tion in initial d waves should be kinematically suppressed
further as such interaction vertices for elastic scattering
necessarily involve at least four (two for each incoming
and outgoing channels) extra factors of momentum p.

The initial s-wave state comprises the total spin chan-
nels S = 2 and S = 1. The LO and NLO contributions in
the 55, channel, that has a large scattering length a(()Z) ~
1/Q, are already included. The NNLO correction from
the ERE is proportional to [aéQ)?“(()z)pz/Q]2 ~ (Q/N)? [55]
and, like the d-wave contribution, is kinematically sup-
pressed at low momentum. The shape parameter PéQ)
enters at N3LO. The strong interaction in the 3S; chan-
nel in both EFT,s and EFT,, with the smaller scattering

length a(()l) ~1/A < |a(()2) |, enters at NNLO in our power
counting.

VI. RESULTS AND ANALYSIS

In Fig. 4] the EFT,/EFT, Lynn LO curve was gen-
erated by constraining the wave function renormaliza-
tion constant Z(2) from the thermal capture data [6].

. . 5P,
The corresponding effective momentum 7"5 2) value from

Eq. is in Table We took a(()z) = —3.63(5) fm [43].
At NLO, the wave function renormalization ZCP2) was
constrained by the ratio of the ANCs 0123132/6‘1275132 =

0.228(42) [44], and then Z(P2) was fitted to thermal cap-
ture data. This is the curve labeled EF T JEFT, Lynn-
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FIG. 4. Capture to the 27 state in the c.m. frame. Up to
NLO, EFTgs and EFT, are equivalent. Top panel: The LO
(red) dashed and NLO (blue) solid curves, and error bands
(red dashed and blue dashed curves) from inputs overlap.
They were constrained by thermal capture data [6]. We var-
ied T’SQ) in the range —5fm to 5fm. The bottom panel shows

only the variation due to r(()2). The grid lines are explained in

Fig. 3

ANC NLO in Fig.[dl As discussed earlier, see Fig. [2] it
is important to independently constrain the wave func-
tion renormalization constants in the S = 2 and S =1
channels since the capture data and the branching ratio
are not sufficient. ZCF2) can be expressed in terms of a
single effective momentum in EFTg but in EFT, it de-
pends on three effective momenta. As mentioned earlier,
we do not attempt to write Z (*P2) in terms of these ef-
fective momenta. The LO and NLO curves and the error
bands, from errors in the input parameters only, overlap.
This is primarily a consequence of constraining both the
LO and NLO results to the same thermal capture data.
The errors in Fig. [ were propagated in quadrature from
the errors in the input parameters.

In the bottom panel of Fig. 4l we show only the error
associated with varying the °S, channel effective range
r(()z) ~ 1/A between —5fm to 5fm. r((f) has a noticeable
impact on the capture cross section only at larger mo-
menta where precision data is lacking, and also happens



to be in a momentum range where the 3™ resonance con-
tribution is significant. The resonance contribution can
be added in EFT as discussed earlier [31]. In this work
we only include the non-resonant contribution.

0.5f '
m Lynn'91 e Blackmon (scaled) '96

A Heil '98
0.4l # Nagai 05 }

-=- EFTg/EFT, Lynn-ANC NLO 1*

01f — EFTgs/EFT, Lynn-ANC NLO Total
e, ~——
0.0L— : : : - : : o
107° 1073 107" 10° 108
Eiap (keV)

FIG. 5. Total capture to the 2% and 17 state at NLO con-
strained by the thermal capture data [6] in the lab frame. We
varied r(()2) in the range —5fm to 5fm. The (blue) shaded
region between the (blue) dashed curves shows the error due
to the input parameters. The (reddish) band between the
(red) long-dashed curves indicate the 10% NNLO EFT er-
rors. The (blue) solid curve is the total NLO result and the
(black) dot-dashed curve is the NLO capture to the 17 state.
The error bands in the capture to the 17 state are not shown
but included in the total capture cross section. The grid lines
are explained in Fig. [3| Ref. [7] measured capture to the 27"
ground state which was scaled in that work by a factor of
1/0.894 to represent the total capture rate.

The plot in Fig. [5] includes capture to both the 2T
ground and 17 excited states of 8Li at NLO. The 2% cap-
ture cross section is the same as in Fig. 4} The wave func-
tion renormalization constant ZCP1) in the 1+ capture is
constrained from the ratio 012,3P1 /012,5P1 =0.73(12) [44],

and ZCP) from the thermal capture data [6]. We in-
clude the expected 10% EF T, /EFT, error in Fig. from
NNLO corrections. We show some parameters for the
capture to 17 in Table As in the 2% capture, the

(P1)

S = 2 channel effective momentum r; is calculated

from the wave function renormalization constant Z( 1)
using a relation similar to Eq. , treating it as a single-
channel calculation. We see that the extrapolation of the
EFTg /EFT, curves to low momentum gives an accurate
postdiction of the sub-thermal datum [§]. A few numer-
ical results are shown in Table [IIl

The higher momentum data points in Fig. [ from
Refs. [8,[9] are associated with the M1 transition from the
initial 37 resonance state. As mentioned before, this con-
tribution can be included in EFT as presented in Ref. [31]
where the resonance is described as a %P5 state of the va-
lence neutron and the ground state of “Li. The excited
state “Li* does not contribute to the initial ® Ps scatter-
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ing state. To keep the discussion more focused we do not
include the M1 contribution.
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FIG. 6. Top panel: Total capture to the 27 and 17 state,
bottom panel capture to the 17 state. These results in the
lab frame were constrained by the measured ANCs [44]. The
theory curves, shaded regions, grid lines and data legends
have the same meaning as in Fig. [5| The (purple) long-short-
dashed curve is the NLO capture to the 17 state with the
wrong Clebsch-Gordan coefficients [31]. Ref. [9] measured
both the capture and the branching ratio [0.89(1)] to the 27
state which we used to plot the capture data for the 17 state.
The (black) dot-dot-dashed curve is the result by Zhang et
al. [32). The (gray) shaded region between the (black) dotted
lines indicate the 40% theory error estimated by Zhang et al.
The text provides more context for comparison of the current
work with Ref. [32].

As alternative fitting procedure one determines the un-
known couplings from just the ANCs, like the last two
rows of Tables [l and [l The thermal ratios at LO and
NLO, which are predictions in this case, show a con-
verging pattern consistent with the assumed Q/A ~ 1/3
estimate. In Fig. |§| the total capture rate (top panel)
and capture rate to the excited state (bottom panel) of
8Li using the measured ANCs [44] as input are shown.
The LO (dot-dashed curve) and NLO (solid curve) re-
sult show a convergence pattern, and the NLO result is
well within the estimated 30% correction to the LO re-
sult. We include the expected 10% NNLO theory error
to the NLO curve. The errors from the input parame-



TABLE II. "Li(n,v)3Li capture to the 17 state. We estimate the parameters as described in the text. Interpretation of r

14

(5Py)
1

from 2P 1) assumes a single-channel calculation for S = 2. Thermal ratio is the EFT cross section normalized to Lynn
data [6]. Branching ratio is capture in the S = 2 spin channel compared to the total cross section at thermal momentum. We
corrected the p-wave effective momenta values from Ref. [31] in EF Ty A below.

Theory prl) p{ P (fm™1) prl) Thermal ratio Branching ratio
EF T A 2.4(5) 24 2.4(5) I 0.94(2)
EFT,./EFT, Lynn LO 2.6(3) —2.3 — 1 1
EFT,./EFT, Lynn-ANC NLO 2.4(3) —2.4 1.8(3) 1 0.94(2)
EFT,./EFT, ANC LO 2.2(2) —25 — 0.87(7) 1
EFT,./EFT, ANC NLO 2.2(2) —2.5 1.6(2) 0.92(7) 0.94(1)

TABLE III. “Li(n,~)®Li E1 capture to the 27 and 17 state.
These correspond to the NLO EF T, /EFT, result from Fig.
The errors from the inputs are propagated in quadrature. The
estimated 10% NNLO theory error is not shown.

Bian (keV) vno) (ub) vnoly ) (ub)

0 0.297(9) 0.0352(37)
10 0.295(9) 0.0349(37)
20 0.293(9) 0.0346(36)
30 0.291(9) 0.0343(36)
40 0.289(9) 0.0340(36)
50 0.287(9) 0.0337(35)
100 0.278(10) 0.0323(34)
200 0.260(13) 0.0298(32)
300 0.245(14) 0.0277(30)
400 0.231(15) 0.0259(28)
500 0.219(15) 0.0244(26)

ters are dominated by the ANC errors, and are nearly as
large as the theory errors. We also show, in the bottom
panel, the capture to the excited state using the expres-
sion from earlier calculation [3I] that had a mistake as
the long-short-dashed curve. The corrected expression in
Eq. with |b]? = 5/6 instead of |[b|> = 1/2, shown
as the solid curve, gives a more accurate description of
thermal data [6]. In Ref. [31], ZC°F2) was fitted to ther-
mal capture, and so the mistake would not have been
apparent.

In Fig. [f] we also show the calculation by Zhang et
al. [32] by the dot-dot-dashed curve. We have indicated
the 40% theory error estimated in Ref. [32]. One should
note, however, that Zhang et al. includes at LO cap-
ture from both S = 2 s-wave initial state with strong
interaction and S = 1 s-wave initial state without strong
interaction. This makes their result, in our power count-
ing, NLO that includes the same exact contributions to
the capture cross section as ours. Their result also in-
cludes capture from initial d-wave without strong inter-
action which we count as NNLO. Thus we would estimate
their theory error to be less than 40%. The use of the
measured ANCs [44] in Fig. [] instead of the calculated
ANCs used by Zhang et al. [32] has very little impact
on the numerical value of the cross section. It seems the
difference between our results (central values), particu-

larly capture to the dominant 2% ground state, has to
do with the evaluation of the wave function renormaliza-
tion constants and their relations to the ANCs. Ref. [32]
expands the ANCs as LO, NLO whereas we treat them
as experimental input without expansion. The LO, NLO
expansion in our analysis is for theory parameters, not
experimental inputs such as thermal capture rates and
ANCs. Further, Zhang et al. do not indicate the factors
a, b that appear in Egs. , in their cross section
making it difficult to infer the composition of their bound
states in terms of p3/3, p1/2 neutron states. The final
NLO form, as a function of momentum p, of the cross
section that we use here is the one calculated earlier in
Ref. [30] (after expansion to NLO) which was also repro-
duced by Zhang et al. [32]. The capture to the excited
state by Zhang et al. is found to be closer to our previous
calculation [3I] that has been corrected now. Ref. [32]
calculates the S = 2 thermal branching ratio for the 2+
state as 0.93(2) in agreement, but as 0.75(7) for the 1
state in disagreement with our results, Tables [I} [T}

Finally in Fig. [7} we consider some recent Coulomb
dissociation data that was used to predict the capture
cross section. We extracted the experimental results dig-
itally from Fig. 10 of Ref. [I0]. We assumed the lowest
horizontal-axis tick mark on the log-log plot to be at 10
keV (instead of 1 keV) which gives the expected results
for the known Nagai [9] data. We estimate our digi-
tal extraction to introduce errors of about a 1%. The
dashed (red) curve is the EF Ty A result from Fig.
with the capture from initial d-wave states included that
was published earlier [30, [31]. This is not a complete
NNLO calculation in the EFTg, as it lacks a two-body
current contribution and S = 2 channel s-wave effective
range correction. However, one can see that the expected
NNLO corrections to the NLO EFTg/EFT, solid (blue)
curve from Fig.[5|moves the theory result in better agree-
ment with the data. The difference between the dashed
and solid curve is about 4% at Ei,, ~ 1 MeV, which is
consistent with a NNLO correction.
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FIG. 7. Capture cross section via Coulomb dissociation in
the lab frame. Izsdk data were extracted from Ref. [I0] as
explained in the text. The dashed (red) curve is the EFTgs A
result from Fig. [3| together with capture from d-wave initial
state [30, BI]. Solid (blue) curve is the NLO EFTys/EFT,
result from Fig.

VII. CONCLUSIONS

We considered the FE1 contribution to the
"Li(n,~)8Li capture reaction at low energies. A
coupled-channel calculation for the contribution from
the excited “Li* core was presented. This theory was
compared to an earlier calculation which did not include
the excited core as an explicit degree of freedom [30), [31].
We developed a power counting for both the EFTs—one
with explicit excited "Li* core EFT, and one without
EFTg—and show that the two theories are equivalent
in their momentum-dependence up to NLO. This con-
firms the expectation that the "Li* contribution to the
momentum dependence, which participates only in the
sub-dominant spin S = 1 channel with a branching ratio
of ~ 0.2, is a higher-order effect [30, B1]. Though the
momentum dependence in both EFTs at this order is
the same, the interpretation of the cross section in the
S = 1 channel in terms of p-wave effective momenta in
the two theories is different. In EF Ty, we can relate the
cross section to an overall normalization in terms of the
3P, effective momentum. No such simple interpretation
is possible in EFT,.

The survey presented in Sec. [[V] relaxed the simplifi-

3 5
cation rg Pa) r§ P2) A, for the 2+ 8Li ground state,
done in previous works [30, BI]. In EFTg,, Fig. [2shows

h (®P2) d @) 1 .
oW T4 and 7y are correlated to reproduce a given

value for the thermal capture to the ground 2% state of

8Li and the branching ratio of the spin channel S = 2.

. (®Py) (°Py) .
Alternatively, r; “*’ and 7; ~ ¥/ can be fixed via the corre-

sponding ANCs 012 sp, and 012 5P, calculated in Ref. [4§]
or taken from experiment [44], with similar numerical
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results. The differences from the simplified assumption

r%gPZ) = Tsz) are compatible with a NLO correction.
In EFT, the wave function renormalization constants
Z(5P2), Z(gpz), and ZCP) can be fitted to the corre-
sponding ANCs, though they are not enough to pin down

5
the extra couplings that appear—while rg P2) i uniquely
determined from 2P 2) this is not true for the three
S = 1 effective momenta 7;; in terms of ZCP2) and

ZCP) | Similar analysis for the p-wave channels corre-
sponding to the 1 8Li excited state holds.

We present a NLO calculation in both the EFTs with
and without explicit excited “Li* contributions. Once
the wave function renormalization constants are fitted to
capture data or ANCs or some combination of these, the
EFTg and EFT, results are numerically the same at this
order. The kinematical impact of the “Li* core becomes
important only at NNLO. We estimate the theoretical
errors in our calculation to be about 10% from Q?/A?
NNLO corrections.

At NNLO, there are several contributions to the cap-
ture to the 27 ground state of 8Li. Two-body current
contribution to capture from the ®S, channel scales as
kzoagf)Lg [54]. This is a Q?/A%? NNLO contribution for
a natural-sized coupling Ls ~ 1, given the scalings for
the scattering length a((f) ~ 1/Q and the photon energy
ko = (p* +3)/(2n) ~ Q3/A%. The NNLO contribu-
tions from the S = 1 channel start with initial state s-
wave strong interactions. In EFTgg, the s-wave interac-
tions can be parameterized by the scattering length a(()l).
In EFT,, the initial state s-wave interactions involve a
coupled-channel calculation parameterized by the three
scattering lengths a1y, a1, aze. Capture cross section
from d-wave that scales as p*/(p? +72)? was included in
Refs. [30, B1]. However, it is kinematically suppressed
at low momentum, contributing around 10% at p = 40
MeV. So this contribution can also be included as NNLO
in the dominant spin S = 2 channel. In the same spin
channel the initial state 5Ss receives a NNLO correction

proportional to [a((f)r((f) p?/2)? while the shape parameter

P(gz) enters at N3LO [55]. The NNLO contributions for
the capture to the 11 excited state of 8Li are similar to
those discussed for the 27 ground state.

The EFT formalism and the theory expressions for the
cross section in this work, with the excited “Li* core con-
tributions, are different from those in Ref. [32]. We also
differ in the interpretation of the wave function renormal-
ization constants in terms of the p-wave scattering pa-
rameters. Given that the excited “Li* core contributions
to the momentum dependence of the cross section are a
NNLO effect, one would expect the numerical results of
Ref. [32] to be similar to those obtained here, which in
turn do not differ significantly (differences < 1.5% for
p < 40 MeV) from earlier calculations (excluding d-wave
contributions) in Refs. [30, B1]. However, Fig. [6] shows
a considerable numerical discrepancy between our and
Zhang et al.’s [32] results. Since Fig. [f] uses the same



ANCs as input, the discrepancy has to do with the rela-
tion between the EFT couplings and the ANCs.

In this work, we included only the non-resonant cap-
ture. Future work would include the M1 contribution
from the 3% resonance to "Li(n,v)3Li [36]. The NNLO
E1 and LO M1 contributions to "Be(p, )®B has recently
been calculated using the current coupled-channel for-
malism. The excited "Be* contribution has a kinematical
impact for energy E 2 500 keV at NNLO [56].
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Appendix A: Projectors

The following are from Ref. [31] that we include for
reference. For each partial wave we construct the cor-
responding projection operators from the relative core-
nucleon velocity, the spin-1/2 Pauli matrices o;’s, and
the following spin-1/2 to spin-3/2 transition matrices

which satisfy

2 1
Si81 = 552‘3‘ — 3€ijkOh

o 3. 1 '
5i8j = 10 ~ E{Jz‘(S/Q)v TP} + %eijkagm) » (A2)

where Ji(3/2)’s are the generators of the spin-3/2. We

construct the Clebsch-Gordan coefficient matrices
Fy = ———025;,

B Qij = — 0;5; +ajSi), (A3)

ol
— 0y
V38
for projections onto spin channels S = 1 and S = 2,
respectively. Then in coordinate space the relevant pro-
jectors that appear in the Lagrangians involving the 7Li
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ground state in Eqgs. (T)), are [30] [37]

Pi(SS1) _ ij7
58.
Pl(j 2) = Qz] 3
3. (v v
P( B) - 7F:1: - = T
‘ 2 me My Ciay >
Yy
— —
3
P = V3F, <V =) Ry,
Me  Mp
— —
Pz( Pl)— 2Q1m<v _v> )
me My
1 v Vv
5
Pl P2)_7Q ( > T, .. (A4)
ij zy TYZij
V2 me My )

The tensors

1 2
Rijoy = 5 <5iz5jy + 0iydju — 35ij5zy> )
1
szzij = 5 <€zzi§yj + 6:Ezg'53,1i + Eyzifsmj + Eyzj(szi)a (A5)

ensures total angular momentum J = 2 is picked.

The new projectors to describe the interactions in
Eq. (2) with the excited "Li* core are

—F=0207,

V2

— —
pCP) V3 V V
fi = 150204 | — — — €izy »
2 Me My,
y
-
v

3 —
5020':6 <v - > R:vyij . (AG)
Y

Me My

3 ox*
pesh 1

3 p*x
PLT) =

For the external states we introduce the photon vector
(557)), excited state ®Li 17 spin-1 (g;), and ground state
8Li 27 spin-2 (g;5) polarizations, obeying the following
polarization sums [58] [59],

) _(V* _ kik;
Zei &j =0ij — K2

pol.

(A7)
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