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Abstract The El contribution to the capture reaction
TLi(n, y)3Li 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 sec-
tion, as a consequence, is the same in a theory with or without
the excited ’Li* degree of freedom at this order of the calcula-
tion. The kinematical signature of the ’Li* core is negligible
at momenta below 1 MeV and significant only beyond the
37 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
et al., Phys. Rev. C 89, 024613 (2014)] that also treated the
7Li* core as an explicit degree of freedom. Our formal expres-
sions and analysis disagree with this earlier work in several
aspects.

1 Introduction

Radiative capture reactions with light nuclei sharpen our
knowledge about the primordial evolution of our universe,
the fuel in the interior of stars, and explosive phenomena of
astrophysical objects [1-3]. Among them features the long-
studied "Be(p, y)®B reaction, crucial in determining 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
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around the Gamow energy ~ 20keV. The Coulomb repul-
sion 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, the-
oretical extrapolations of experimental data down to ener-
gies of astrophysical interest is an unavoidable necessity. The
mirror-symmetry, backed by the accidental isospin symmetry
of quantum chromodynamics (QCD) at low energies, is often
invoked to constrain the strong nuclear part of the reaction.
Besides the mirror connection, the "Li(n, y)®Li reaction may
reveal its importance in some astrophysical scenarios, such
asinhomogeneous Big-Bang nucleosynthesis or neutron-rich
explosive environments [1,4].

Experimental studies on the "Li(n, ¥)8Li reaction date
back to the 40’s [5] followed by a handful of others
between the 90’s and 2010’s [6-10]. Due to the absence
of the Coulomb repulsion, many measurements were done
in the sub-keV region with good precision, thus serving as
testbed for theoretical low-energy extrapolations. Theoreti-
cal descriptions of this reaction vary in degree of sophistica-
tion and accuracy—ab initio/microscopic models [11-14] are
tied to the choice of two- and three-nucleon interactions and
numerical precision of the method whereas two-body [15-
22] and three-body [23,24] cluster configuration with phe-
nomenological 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 approach,
but uses quantum field theory techniques and a small momen-
tum ratio to provide a model-independent, systematic, and
improvable expansion with controlled theoretical uncertain-
ties. Halo EFT ideas emerge from Refs. [25,26] and were
extended to several loosely-bound nuclear systems (see Refs.
[27-29] and references therein).

Halo EFT was first applied to 7Li(n, y)SLi in Ref. [30],
which pointed out inconsistencies of potential-model extrap-
olations of fitted high-energy data to low energies, its origin,
and ways to overcome it. The follow-up work [31] included
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El capture to the 17 state of 3Li and M1 capture from the
initial 3 resonant state, while the kinematical impact of the
%_ 7Li excited-core state was argued to be of higher-order. A
subsequent work by Zhang et al. [32] combined halo EFT for-
malism with asymptotic normalization coefficients (ANCs)
obtained from ab initio variational Monte Carlo (VMC) cal-
culation. Zhang et al. considered only El transitions, but
included the %_ excited state of “Li as an explicit degree of
freedom. Their overall results are qualitatively similar to ours
within the leading-order (LO) theoretical 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 assump-
tions [31].

Nevertheless, Zhang et al. raised critical comments to our
work, namely, (a) that the excited state of 7Li must be for-
mally included in a LO calculation of the 8Li bound state
given its excitation energy of ~ 0.5MeV, smaller than the
~ 2 MeV neutron separation energy of 3Li, (b) that the cou-
plings of the different final state spin channels were made
equal, which influences the rate of total initial spin § = 2
contribution to the capture reaction, and (c) that capture to
the 17 excited state of 3Li 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. [31] we fixed two remaining renor-
malization constants (after fixing the usual ones from scatter-
ing 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 8Li [6], and postdict capture data
at other energies. Zhang et al., on the other hand, fix their
remaining renormalization constants from their ab initio cal-
culation. Answer to points (a) and (b) was the motivation of
the present work.

We include the %7 excited state of "Li core ("Li*) as an
explicit degree of freedom in a coupled-channel formalism,
along similar lines of Refs. [33,34]. In our formulation, the
7Li* excited core influences only the channel with total spin
S = 1, which is regarded as a NLO contribution. At this
order, the excited core contributions only affect the overall
normalization of the capture cross section. The capture cal-
culations show that the kinematical impact of the excited
core degree of freedom is negligible for momenta in the keV
regime, and starts being noticeable only beyond the 37 res-
onant 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 "Li* excited core, the latter with
kinematic 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. [30,31] that did not include the
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7Li* explicitly. Once the overall normalization 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, parameterized
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 effective momenta in
our previous works [30,31], consistent with the power count-
ing, is shown to give satisfactory results well within a LO
expectation. A NLO correction to this previous LO assump-
tion is sufficient to bring both capture rate and branching ratio
predictions in better agreement with data.

The paper is organized as follows. In Sect. 2 we present the
framework of halo EFT for two scenarios: without [30,31]
and with the 7Li* excited core as an explicit degree of free-
dom, the latter with the pertinent channels that couple. Sec-
tion 3 contains the relevant formulas for the 7Li(n, y) 8Li cap-
ture 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 parameters compatible with given observables is dis-
cussed in Sect. 4, followed by the proposed power-counting
in Sect. 5. Numerical results and analyses are presented in
Sect. 6 with concluding remarks in Sect. 7.

2 Interaction

In this section we construct two halo EFTs: one with-
out the explicit Li* degree of freedom that we refer to
as EFTgs 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 %_ ground state of 'Li, and
the photon. In the latter we also have the %_ excited 7Li*
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 yy ~ 57.78 MeV (y, ~ 64.22MeV) and
y1 ~ 41.56 MeV (y1, & 50.12 MeV), respectively [35]. We
identify the relative center-of-mass (c.m.) momentum p
and the binding momenta with a low momentum scale
O ~ {¥0, Y1, ¥»» Yix} = p- The breakdown scale can be
associated with pion physics and *He->H 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 [30-32]. We assume a cutoff in between
these two estimates and take the ratio Q/A ~ 1/3. We only
consider the non-resonant E1 capture. The M1 contribution
from the 3% resonance initial 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 elec-
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troweak 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 elec-
troweak operators relevant to our calculation are one-body
currents produced through minimal substitution by gauging
the incoming core momentum g — ¢q +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 describes the initial scattering states, the final bound
states, and the E1 operators.

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

2
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where N represents the % neutron with mass m, = 939.6

MeV, C represents the %7 7Li core with mass m. = 6535.4
MeV [37,38], M = m, + m. is the total mass, and
w = mpymc/M is the reduced mass. We use natural units
h = 1 = c. The dimer fields x[(f]) are auxiliary that are
introduced for convenience. They are particularly useful in
resuming momentum dependent operators but it is equivalent
to the original theory without the dimer [25]. The summa-
tion in ¢ is over the relevant s- and p-wave channels—?> S,
58,,3 Py, 3Py, Py, > P,—written in the spectroscopic nota-
tion 25*1 L ; with S the total spin, L the total orbital angular
momentum, and J the total angular momentum [30,31]. P[(j{l)
are the projectors for a given channel { whose explicit forms
are provided in Appendix A. The repeated subscript [] 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 ¢ = 3 P> one should read, using Eq. (A4),
X = xiy " and B = PO,

The neutron and "Li core interaction, in Eq. (1), is medi-
ated through the exchange of the X[(f]) fields. These auxiliary
fields can be integrated out of the theory to generate neutron-
core contact interactions without changing the particle con-
tent, and therefore physical observables in the theory. For
example, the s-wave amplitude calculated later in Eq. (24) is
exactly the same as the one calculated in Refs. [30,31] that
did not use an auxiliary dimer field for the s-wave interaction.
The unknown couplings 4 are included in the dimer prop-
agator [39], for convenience, instead of an equivalent for-
mulation where they appear in the dimer-particle interaction

[30,31]. Again, this does not affect the calculation of physical
observables. As an example, the capture cross section in this
work is proportional to the product of the neutron-core-dimer
coupling 27 /u in Eq. (1) and Z CP) ip Eq. (26) calculated
from the p-wave amplitude. This is exactly the correspond-
ing product of the neutron-core-dimer coupling hCP) and
ZCP2) in Eq. (14) of Ref. [31]. The couplings A®), 4©)
can in principle be related to elastic scattering phase shifts
if available. The E1 contribution to "Li(n, ¥)3Li has been
calculated using this theory in Refs. [30,31]. We will present
the results in Sect. 3.

The second halo EFT with excited ’Li* core (EFT,) can
be described with the Lagrangian

2
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Here the C, field represents the excited TLi* core with exci-
tation energy E, = 0.47761 MeV [40]. There are a few other
differences with the previous EFTg in Eq. (1). In this the-
ory, we have the additional scattering channels 3§ b 3 Py, and
3P1* 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 X[(f]) (inverse) propagator
matrix. The 1P1* channel does not contribute to the capture
through E1 transition but can be included in the coupled-
channel calculation of the p-wave 17 bound state. The cou-
plings T1¢¢) and 1¢¢) 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 inter-
actions only in the relevant channels as discussed below. A
low-momentum scale ya = /2uE, ~ 28.0MeV ~ Q is
associated with the excited core [32].

We present coupled-channel calculations for mixing in
38,38 1 and 3p,-3 P53 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 § = 2
p-wave channels. We discuss later in Sect. 2.2 our particular
choice of p-wave mixing and the consequence of alterna-
tively mixing all the possible p-wave channels such as > P;-
3P 3 Pr-1 P} of the 1T excited state.

@ Springer
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2.1 38;-3S} 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 differ-
ent derivation using the dimer fields instead of nucleon-core
contact interactions. Some of the renormalization 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 demonstrate this with explicit calculations.

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

M

where E = p?/(2u) is the c.m. energy and the superscripts
are the row-column indices of the amplitude matrix. We iden-
tify the 35 1 state as channel 1, and the 3Sf state as channel
2. The dimer propagator is given by

D(E,0) = Do(E, 0) + Do(E, 0)E(E, 0)D(E, 0), “
which is conveniently calculated from its inverse
pl=p;' - %, Q)

where Dy is the inverse free dimer propagator and ¥ is
the self-energy. We have the free inverse dimer propagator
directly from Eq. (2):

- an
[Do(E, 0] = (l—[(lz)

nd2
where we only kept the couplings IT1¢/) in a low-momentum
expansion. In a single-channel calculation this would corre-

spond to keeping only the scattering length contribution. The
self-energy loop integral is

CS(E.0) = _2m (Jo(—ip) 0 ) 7
n

0 Jo(=ip.)
A 4-D delq 1
Jox) = —2u (£ S S
e “<2> @GP T g7+ 22
7
- 2o- 7
271( x), (N

where p, = ,/p? — yi +i07T and A is the renormalization

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

.. 1
N = — -5, ®)
aij
where we introduced the scattering lengths a;; following Ref.
[33]. Our RG condition differs in the overall sign of aj2. We
get
L4y €1
1 ary p apz
[D(E,0)] " = ) ©)
1 1 .
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and in particular the s-wave amplitude
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The off-diagonal amplitude mixing channels 1 and 2 is
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Y

These expressions agree with Eq. (2.19) from Ref. [33] in a
theory without auxiliary dimer fields, except the sign of aj».
When the coupling IT1> = 0, there is no mixing in the EFT,
between the two channels, and the coupled-channel calcula-
tion reduces to two single-channel calculations as expected.

At momenta p < ya, the scattering amplitudes are ana-
lytic around p = 0, and in particular A"V is given by the
effective range expansion (ERE). So we need

1 _ 1 :
- a122/ <—— + =P+ vi- lO*)
11 a

-2 2 -2
1 ana;; 1 2412 2

2ya(l —aznya)?

air 1 —axnya
L a2

1
=ty (12)
0

where a(()l) and rél) are the scattering length and effective

range in the 3§ channel, respectively. Matching the EFT
expression to the ERE one obtains

e I —axya
a]] - ao (l) _2 L)
1 +axn(ay 'a;; —va)
2
o . (I —anya)
4} = —rgys 28 (13)
ay

We can fix aj; from a,’ and a2 (up to a sign) from r(l),

leaving az> as an undetermined parameter. In principle as»,

(1)
0
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app can be obtained from the low-momentum measurement
of AU2 [42]. One should note that in EFT,, an effec-
tive range rél) is generated dynamically though we started
with a momentum-independent interaction because there is
a momentum associated with the excitation energy of the
core. Ref. [33] considered the situation where the scatter-
ing lengths a;; ~ 1/Q are fine-tuned. In the 8Li sys-
tem a(()l) = 0.87(7) fm [43] which is of natural size 1/A.
Thus we assume that all the scattering lengths a;; ~ 1/A
are of natural size. From the last relation in Eq. (13) we
see that rél) has to be negative. Further, one notices that
1 — azzyA ~ 1 for ayy ~ 1/A which gives a fine-tuned
Iro e ~ asatyat ~ 1/Q foran ~ 1/A ~ ap, ya ~ Q.
We can expand the scattering amplitudes in the Q/A ratio
and write

2
.A(“)(p) ~ _a(()l) [1 m(()l)p
"

1 .
_la(() )a226112 (p* lJ/A) + .. .:I N

2w qyaxn . .
AT (p) ~ 711(() )E [1 - la(() )P — 1422 Px
—ia) aha (po—iya) | a4

The Q/A expansion in Eq. (14) implies that the non-
analyticity from the open channel involving the excited core
7Li* is a subleading effect. We postpone the comparison to
the previous calculation by Zhang et al. [32] to Sect. 3.1 to
explain the impact on the total cross section instead of just
the s-wave elastic scattering.

223p,3 P Coupled-channel

The coupled-channel calculation for p-wave states is very
similar to the s-wave states in Sect. 2.1. An important dif-
ference is that for p waves we need effective momentum
corrections at LO [25,26]. Now we write the free inverse
dimer propagator as

(11) 11) 32 (12)
[Do(E.0)] " = (g(lz) i g(lz) 2(22) I §§(22)> 15)

where we identify 3 P as channel 1 and 3P2* as channel 2.
The p-wave self-energy term is given by

_on <J1(—ip) 0 )

w3 0 Ji(=ipo) )’
J(x):_z_“ r 4_D/ﬂq_2
! D_1\2 @m)P-142 4+ x2

M 3 3, 7.3
= (P —Zxf4+ 223 16
<x % +2 ) (16)

—X(E,0) =

The RG conditions (no sum over repeated indices intended)

26 — T35 3 2 S
M’ = A7 + A6i2dii
" a,-j 2 " ZVA i20ij
/Ll(ij) = —rij — 3)\51']' s (17)

make the inverse propagator (and the scattering amplitude)
A-independent:

[D(E,0)]7!

L -mP +ip* - ‘VIZP

1 aii amn
2 9

” = 3rap? == Smp?+ip}

apn a

(18)

where q;; are the p-wave scattering volumes, and r;; that
carry units of momentum are the p-wave effective momenta.
We use the same notation for the scattering volume as used
for the scattering length in the previous subsection. However,
the scattering volumes do not contribute 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

2
Ap) ==L (£, 0). (19)
o

The coupled-channel amplitude is expected to have a single
pole at positive imaginary momentum p = +iyy (or p, =
+i,/ Vo +y2 A = +iy,) associated with the 8Li bound state.
This can be made more explicit when specifying the RG
conditions from the ERE around the binding momentum in
Eq. (17) as [31]

1 1
—1 —1
ay = _Vd’) - 5”117/02, ayy = _VE - §r22)/()2,
r12
dlzl = —7)/02 (20)

This gives for momentum p = iyy (Px X i V),

DE, )] '~ —
[D(E, 0] u? ri2 243y

_ E+By +i0* <r11 +3v 2 )
m ri2 2 43y

l.Vo(P —iyo) <r11 +3y 2 )

@2y

generating a single pole in D(E, 0) at negative energy £ =
—By = —y; 2 /(2) on the first energy Riemann sheet corre-
sponding to a bound state. We verified numerically that there
are no other shallow bound or resonance states for typical
rij ~ A and experimental ANCs. The residue at the energy
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pole of the amplitude is related to the wave function renor-
malization constant which is usually calculated directly as

o d —1
(217! = =DE.0) |

E=—By
1
__1 <r11 +3n 2 ) _ 22)
m ri2 o433y

The wave function renormalization constant reduces to the
single-channel result [30,31] when r> vanishes. In our cal-
culation we will not assume 1, to be small. We will simply
fit the constants 211, Z», to the ANCs without attempting
to interpret what it implies in terms of the scattering param-
eters because the two 3P2, 3P2* ANCs are not sufficient to
determine the three effective momenta r;;.

We briefly explore the consequences of including more
p-wave channels in the mixing, such as the 3 P,-3P>-3 P}
case. The calculation would be similar to the 3 P,-3 P2* case
with a diagonal self-energy X (E,0) matrix. The inverse
free dimer propagator [Do(E, 0)]~! containing off-diagonal
terms would depend on 6 scattering volumes a;; and 6 effec-
tive momenta r;;. The Z;;s would depend on a combination
of r;js. Though the expressions for Z;; in a three coupled-
channel calculation in terms of effective momenta would
differ from the two coupled-channel calculation, the numer-
ical values obtained by fitting the Z;;s 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 > P, 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)’Liand "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 angu-
lar momentum. Given that the one-body E1 currents cannot
change spins and the 3 P, channel is treated separately from
the § = 1 p-wave channels, the capture in the spin § = 2
and § = 1 channels do not mix, and they are calculated
separately.

A Sp3p-3 P! AP« coupled channel calculation is
straightforward. However, we follow the formalism for the
2+ ground state calculation, for simplicity, and treat > P| 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 § = 2 and S = 1 channels can be cal-
culated separately when > Py is treated as a single-channel.
A 3P1-3 Pl*-lPl* coupled-channel calculation would result
in wave function renormalization constants Z;;s that depend
on 6 effective momenta. We determine these from the cap-
ture data (or ANCs) without attempting to interpret them in
terms of the short distance physics contained in the effective
momenta.

@ Springer

(a) (b)

> e
(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 propa-
gator, wavy line a photon, and ® represents the final bound state

From the analysis above, we can see that, in the final state,
channel mixing is not crucial in the capture calculation 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 interpret their dependence on
the p-wave effective momenta. Channel mixing in the initial
state is needed, however, to include the kinematical depen-
dence 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 Sect. 3.1.

3 Capture calculation

The E1 capture reaction 'Li(n, y)3Li is given by the dia-
grams in Fig. 1. The excited core 'Li* contributes only in the
S = 1 channel. Thus the S = 2 channel calculation in both
EFTgs and EFT, are very similar.

We start with the calculation in the S = 2 channel in
EFTy first. The squared amplitude for the capture from the
initial 3 S, state to the 2+ ground state 8Liis [30,31]

2 2
Mg @i (Zcm"> Ara M”21 gep
woon
2 p2
x |1 -2—=F
3p2+ v

2
— Ao(al?, p)[Bo(p, v0) + Jo(—ip)l|

(23)

where J = 2 and @ = e?/(4m) = 1/137. The initial state
strong interaction in the s-wave is given by the amplitude
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1

1 .
—— —Ip
(2)
o

2
Ao@® py == (24)

with the scattering length a(()z) = —3.63(5) fm [43] scaling
as 1/0. The use of auxiliary dimer field x %2 in deriving
Eq. (24) 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

Bor ) — (* P aPly 24D -1
=3 Qm)P1 (g2 = p2=i0T) (> +¥?)
by 1 ip3—y3
Y ST e 40 N 25
M<2n+3np2+)/2 (%)

Fig. 1dis proportional to Jo(—ip). The combination By(p, y)
+Jo(—ip) isRG scale independent. The wave function renor-
malization constant in the > P, channel, assuming a single-
channel calculation, has the simple form

2 21

Z(sz) -__ = (26)
CP) ’
M r + 3w
5
where rl( P2) is the p-wave effective momentum in the 5 P>

channel. In EFTyg;, the capture from initial 38, state to the
27 ground state is given by a similar expression as above in
Eq. (23) with the replacements a(z) — a(()l) for the scatter-

ing length in the 3S; channel, and r( RN 1(3 P2 for the
effective momentum in the 3 P, channel.

To calculate the cross section, we need to combine the
contributions from the spin § = 2 and § = 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 8Li is composed mostly of a p3 /2 valence neu-
tron state. The Clebsch-Gordan decomposition of the p3,2
state in terms of the 3 P, and 3 P, state for the total angular
momentum-parity J* = 2%, azimuthal number J, = m is
then

Rt m)=alS=2L=1,J=2J.=m)

+V1—1al|S=1L=1.J=2J =m),

27)

with @ = 1/+/2 in the standard Condon and Shortley sign
convention. The p3,, configuration implies equal contribu-
tions from the > P> and 3 P, states to the 2 8Li ground state.
The total c.m. cross section for the capture to the 27 state in
EFTyg; is, then, given by

2+ 1 S5p
O_Igl )(p) 167_[M2 |:| |2 ‘M( 2)

+ (1= ) [mE

i| . (28)

It is straightforward to extend this calculation for the cap-
ture to the 1 excited state—one replaces J = 1 in Eq. (23),
yo — y) for the 17 state binding momentum, and uses the
appropriate p-wave effective momenta in the > Py and > P
final states. To determine the relative contributions of the
5P, and 3 P; states to the 1T excited state of $Li, we again
use Ref. [24] that finds 17 to be mostly composed of the p; /2
neutron state. The Clebsch-Gordan decomposition of py, in
terms of the 3 P; and 3 P; states reads

Nt m)=bS=2,L=1,J=1,m)

—J1=1p2|S=1,L=1,J=1,m), (29

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

Next we discuss the capture process in EFT,. The capture
in the spin S = 2 remains exactly the same as Eq. (23).
The additional contributions in EFT, come from Fig. 1b, d
in the spin S = 1 where the initial state s-wave interactions
have to be described in terms of coupled-channel amplitudes
AID and A2 derived earlier in Eq. (14). The contribution
from .A(1?) also entails modifying the momentum of the core
in the loops with a photon attached in Fig. 1b, d. The spin
S = 1 p-wave contribution to 8Li is included as a coupled-
channel calculation as discussed in Sect. 2.2 with the relative
contributions of the channels determined by the coupled-
channel Z2CP2)| ZCPD A direct calculation of capture to the
27 ground state in spin S = 1 channel is given by

3py |2 Z 64maM? 2
v =(2J+1)< m) e Xl
' M 2 u
P2 an
X (1==———= —A""(p) | Bo(p, yo)+Jo(—ip)
’ 324y [ ]

— A2 (p) [Bo (p*, Ve + yﬁ) +Jo (—ipo}
/Z(3P2*) 2

30
NS G0
In EFT, we get
eh, 1 k01 2’ Gy |?
El*( ) 167TM2 | | M
+<1—|a|2)\Mg1{’i> } (D)
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with |a|?> = 1/2. The relative contribution to capture in
the spin § = 2 channel, which is not treated as a coupled-
channel, remains the same in EFTgs and EFT,.

In EFT,, the extension to the capture to the 1T state with
J = 1 is straightforward with yop — y1, la|* — |b|*> =5/6,
and the appropriate modification of the wave function renor-
malization constants ZCP) — zCPD zCP) . zCPD
for the 3 P; and 3P]* states, respectively.

The final state decomposition used in the EFTgs and EFT,
in terms of the § = 2, I channels gives an accurate descrip-
tion of the thermal [6] and sub-thermal [8] cross section. In
Fig.6and the S = 2 branching ratio (bottom 2 rows) in Tables
1 and 2, the EFTs/EFT, predictions use only the measured

ANC:s [44] and a(()z) as input.

3.1 Previous mixed-channel calculation

In this subsection we compare our formalism with the previ-
ous 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 Sect. 5.

In the final p-wave 27 ground state calculation, the inter-
action used by Zhang et al. [32] produces mixing between
all p-wave channels: > P, 3 P, and 3 P}, see Eq. (14) in Ref.
[32] whereas we only mix the 3P, and 3P2* channels. The
difference in the number of mixed channels is not crucial to
the analysis but how the mixing is implemented. The three-
channel mixing in Ref. [32] is achieved by introducing a
single auxiliary dimer field that couples to the neutron-core
in the 3 P;, 3 P, and 3 P3 channels with 3 different couplings.
A consequence of this construction is that the amplitudes in
the inelastic channels (off-diagonal terms) are specified once
the elastic channels (diagonal terms) are known. For exam-
ple, scattering in the inelastic > P>-> P, channels is specified
by the scattering in the elastic > P and 3 P; channels, respec-
tively. 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 effective
momenta. The RG conditions imposed in deriving Eq. (15)
of Ref. [32], result in a single effective momentum which is
not unexpected since the calculation involved a single dimer
field. Therefore, this would predict that the low momen-
tum phase shifts for 5p,,3pP; and 3 P channels determined
by the same binding momentum yp and p-wave effective
momentum i are identical [32] up to higher order scatter-
ing parameter corrections. Measured p-wave phase shifts for
"Li(n, n)’Li and "Li(n, n’)’Li* doesn’t support this [42].
In contrast, the coupled-channel calculation presented in

@ Springer

Sect. 2.2 involves three separate effective momenta rq1, 712,
r22, and the phase shifts in 3p, and 3P2* channels would
differ. The extension to coupled-channel calculation mixing
Spy3p,-3 P3 would involve 6 separate effective momenta,
and would result in different phase shifts in 5p,, 3P, and
3P2* channels, respectively. There is no low-energy symme-
try to expect the spin S = 2 and spin § = 1 p-wave phase
shifts to be the same at low momenta up to corrections 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 scattering in the
27 channel to the p-wave ERE. The single dimer EFT of Ref.
[32] allows for > Py — 3 P, and 3 Py — 3 P, transitions that
were not included. These channels can contribute because the
dimer field can connect 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 Pyt h% p,) and hé Py
the combination /s p,)h 3 p,) should enter the calculation of
the 7T-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 conditions.
We did not explore how this omission affects the renormal-
ization of divergences in the theory and the wave function
renormalization constant calculation from the residue of the
T-matrix. The bound state 7-matrix calculation for the 17
state in Eq. (20) of Ref. [32] has similar omissions that affect
the RG conditions in Eq. (21). In the coupled-channel calcu-
lations we present, all the EFT couplings are determined in
terms of scattering parameters through the RG conditions in
Eq. (17). 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 calcu-
lations.

In the incoming s-wave channel, the comparison with
Ref. [32] is not simple since only the interactions for the
elastic 3 §; (diagonal channel 11) and inelastic 38,3 ST (off-
diagonal channel 12 or 21) scatterings are shown. Possible
elastic 3Sf (diagonal channel 22) scattering, and how the
parameters in the three channels due to the mixing relate
to each other, are not indicated. Zhang et al. describe the
scattering amplitude in the inelastic 381—351* channel by a
coupling g s~ 2 /(uA). Thus scattering amplitude in
the elastic 3S; and inelastic 3S1—3Sf channels both scale
as 2w /() which is the same scaling as ours. Moreover,
the two calculations find the LO s-wave amplitudes to be a
constant. However, this similarity is only superficial. s-wave
amplitudes at LO with natural-sized scattering lengths are
expected to be constants since they are in s wave. We do
not know how the single coupling g3 st and the associated
scattering parameters relate to the couplings and parameters
in the elastic 351 and 3Sf channels. In our expression, we
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Fig. 2 Correlations in EFTgs. Dashed curves: Contour plot of capture
cross section to the 27 state at thermal energy normalized to data [6].
Solid lines: Contour plot of branching ratio of capture cross section to
the 27 state in the spin S = 2 channel at thermal energy. The boxed
numbers indicate the values on the corresponding contour lines. The x

5 3
marks the parameter value rl( P~ _147fm ! = rl( P2) used in Ref.
5 3
[31]. The o marks r\ " = —1.37fm~!, r{ ™) = —3.0fm~" obtained

from fits to ANCs from Ref. [44] that are labeled as EFTys ANC in
Table 1, Fig. 3 and in the text

predict A1 = —a» A1 /a1, at LO. It is not possible to
infer if such a relation also holds in Zhang et al.’s calculation.
This identification is necessary to interpret the short-distance
contribution of the excited Li* core explicitly. Moreover, the
Q/ A expansion of the amplitudes A1V, A2 at small but
finite momentum p in Eq. (14) depends on the size of r(()l)
that follows from Eq. (13). The scaling of the s-wave effec-
tive range rél) is notindicated in Ref. [32] which again makes
a direct comparison to the present work difficult.

4 A survey

The E1 cross section in Eq. (28) was calculated earlier in
Refs. [30,31]. It depends on four scattering parameters a(()z),
a(()l), r1(5p2) and r1(3P2). The two effective momenta are not
known experimentally, and the capture to the 2¥ 8Li ground
state is sensitive to only a combination of these. In the fol-
lowing we define the thermal ratio as the theory calculation
of the capture cross section to the 2+ 8Li ground state at
thermal energy, divided by the corresponding experimental
value [6]. Fig. 2 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 parame-
ter 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. [30,31] acommon effective momen-
tum r1(2+) ~ A was used for both ”1(5 P2) and rl(BPZ) for conve-
nience which reproduced the thermal capture rate. This also

0.40 : ,
= Lynn '91 - EFTg A
0.35} ® Blackmon '96 - - EFT, ANC
& Nagai '05 — EFT ANC
= 0.30 ]_
S .. Y W
~ Fr=rili
4 0.25 T J_+ ¥
o
©0.20
N
0.15
0.10
1072 107" 10°
p (MeV)
0.26} = EFTLA
N :.: 1 H— EFTgs ANG
0241 N ! | — EFT, ANC
o) S |
S o022} :
:
S 0.20¢ :
= .
0.18¢
0.16¢

5 10 15 20 25 30 35 40
p (MeV)

Fig. 3 Capture to the 2™ ground state in the c.m. frame, with v, the
neutron velocity. Ref. [31] results without the initial state d-wave con-
tribution are shown as the (black) dot-dashed curve for EFTg A, the
(red) dashed curve for EFTgs ANC and the (blue) solid curve for EFT.,
ANC. The grid lines are at the 31 resonance momentum pg = 19.1
MeV and the 7Li* inelasticity ya = 28.0 MeV

gave a branching ratio that is consistent with the experimen-
tal lower bound of W > 0.86 [45], once the theory errors

from the EFTg, in Ref. [31] are also taken into considera-

3
tion. A NLO 30% correction to rl( P2) i sufficient to satisty

the W, bound in Fig. 2. We mention that earlier works have
estimated the lower bound as 0.80 [46] and 0.75 [47], respec-
tively. Applying the branching ratio lower bound W, > 0.86
to the experimental constraint on thermal capture rate would

restrict rfSPZ) ~ —1.5fm™! but leave rf3P2) < —2fm~!
completely unbound from below.

The result from Ref. [31], without initial state d-wave
contribution, is plotted as EFTgs A in Fig. 3, where data from
Refs. [6,7,9] are also shown. As pointed out in Ref. [32], one
could use the known ANCs C 12 ¢ to fit the effective momenta

using the relation:

2
12 — y_z_ng({)’

= (32)
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Table 1 Li(n, y)3Li capture to the 2 state. We estimate the parame-

. . . S 5
ters as described in the text. Interpretation of rf P2) from 2C P2 assumes
a single-channel calculation for § = 2. In EFTgs, a single-channel cal-

3 3
culation gives r\ ©» = —1.47(1) fm™" and r{ ) = —3.0(4) fm™! for

2CP) = 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 zCP) rfs F2) (fm~1) 2CP) Thermal ratio Branching ratio
EFTg A 7.1(2) —1.47(1) 7.1(2) 1 0.809(9)

EFTgs ANC 8.5(7) —-1.37(4) 1.93) 1.03(8) 0.95(1)

EFT, ANC 8.5(7) —1.37(4) 1.93) 1.0(1) 0.96(5)
EFTgs/EFT, Lynn LO 8.8(2) —1.35(1) - 1 1

EFTgs/EFT, Lynn-ANC NLO 8.1(2) —1.39(1) 1.9(3) 1 0.92(2)
EFTgs/EFT, ANC LO 8.5(7) —1.37(4) - 0.98(8) 1

EFTgs/EFT, ANC NLO 8.5(7) —1.37(4) 1.9(3) 1.05(8) 0.92(2)

where y is the appropriate binding momentum in the
channel ¢. We use the following ANC values: C125 P =

0.352(28) fm~!, C? = 0.080(13) fm~!, C?

1,3P, 1,5P
0.047(4) fm~!, C% sp, = 0.035(5) fm ™! from neutron trans-
fer reaction [44] and C},,. = 0.147(5)fm™!, C},,. =
v 2 L

0.0458(10) fm~! from an ab initio calculation [32]. C?

1,5P,°

C 12’3 Py C ]2’5 Py’ C i3 p, Were calculated from the measured
2 —1 2 —1

[44] Cl,p3/z = 0.384(38) fm ™", Cl,pl/z = 0.048(6) fm™ ",

C? . =0067(7fm~!, C? , = 0.015(2)fm~" using
Lp3p Lpis,

Egs. 27), (29): C3p, = %{Cl,m — Cipipl Ci5p, =
1 1

«_fz[c"m/z + Cippl Ci3p = \/_E[ﬁclﬁ/z - C1,p;/2],

1 .
= %[CLI%/Z + \/§C1’p1*/2]. The signs of Cy, p,),,
Cipips Crpss Cipy, Were picked to be compatible with
ab initio calculations [/32,48].
5
The experimental ANCs from Ref. [44] give rl( Pyl

~1.37fm~", r{™ ~ —3.0fm™", shown in Fig. 2, which
are consistent with the expectation from the analysis above.
The corresponding result for the capture cross section is plot-
ted as EFTys ANC in Fig. 3. Though the curves EFTgs A and
EFTg ANC differ, this difference is within the expected the-
oretical error. We provide a more robust theory error estimate
later in Sect. 5 when we develop the EFT power counting rel-
evant to E1 transition at low momenta. Table 1 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 a(gz) and ZCP).

In the S = 1 channel we need the parameters a(()l), apn,

CLSPl

ays, and overall normalization constants ZCP2, ZCP5) The
unknowns ZC P2, ZCP2) are constrained from the measured
ANCs [44], and Z CP3) s constrained from the calculated
ANC [32]. We take a2 = —1/200(1 + 0.4) MeV~" and
ajp = 1/200(1 £ 0.4) MeV L. The result shows a correla-
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tion between as> and aj», and other sign choices for these
two scattering lengths vary the result a few percent (well
within a NNLO contribution we discuss later). We picked
the combination that gives a better description of the ther-
mal data but it is not crucial for the analysis. In this plot we
did not approximate the s-wave scattering amplitudes A1,
AU2) in Eq. (14) by the Q/A expansion. We use the cen-
tral 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 compatible with
each other within the expected errors regarding their momen-
tum dependence. In particular, the opening of the inelastic
threshold at p = ya = 28.0MeV remains a small effect.
Nevertheless, the range of momentum where the explicit TLi,
degree of freedom gives the largest contributions is where the
M1 capture due to the 37 resonance is already predominant
[31]. Given that pg < ya, the inclusion of the 3% degree of
freedom precedes that of the 7Li, in the formulation of the
low-energy effective theory for the "Li(n, y)8Li reaction if
we attempt to describe data. Still, one can analyze 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 energies is a sublead-
ing effect. The contribution of the "Li* to the bound state
wave function cannot be separated completely with the two
ANCs for 3 P and 3 P; states to constrain the three relevant
p-wave effective momenta 1, r12, and rpy in Eq. (22). The
fitted ZCP2) can be interpreted in terms of rfs P2)'in Table 1,
if treated as a single-channel calculation. In Table 1, we also
list the thermal and branching ratios for the EFT, ANC fit.

5 EFTg and EFT, power counting

We start with the capture to the dominant 27 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
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in EFTy; at threshold, then we can analytically calculate [30]
from Eq. (28)

sCP)
oCP) 4 gCP)
(3 — 2487 y0)2 2P

- . (33)
(3 —2a"y0)2ZCP) + (3 — 2a( y0)2ZC P

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

of |a(()2)| > a(()l), and also the respective signs of the scat-

tering lengths, even if we take ZCF2 ~ ZCP) The calcu-
lated ZC P2 > Z (*P2) in Table 1 makes the branching ratio
even larger. In EFT, we can only assume numerical 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 § = 2 dominates which requires more than the scaling
|a(()2)| ~1/0 > a(()l) ~ 1/A. We will take the dominance
of capture in spin § = 2 channel as given in addition to the
scaling of the s-wave scattering length. Thus we count cap-
ture 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(()z) (Bo + Jo). The
loop integral combination scales as By + Jo ~ Q. Thus the
contributions from the diagrams with and those without ini-
tial state strong interactions in Fig. 1 are of the same size O(1)
in the Q/A expansion. This constitutes the LO contribution
in both EFTgs and EFT,.

The cross section in the S = 2 channel is proportional
to the wave function renormalization constant ZC %) that
depends on the binding momentum 3y ~ Q and effec-

5
tive momentum r\ " ~ A. Ideally, one expands Z CP) ip

5P
)/O/Vf ?

would involve an expansion in 3 X yp /|r1(5P2)| < 1 that con-
verges slowly, see Table 1. 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 instead of a Taylor series around p = 0,
similar to Eq. (21) but for a single-channel. Alternatively, a
compromise would be to adhere to a strict Q/A expansion
but use the so called zed-parametrization. It was introduced in
Ref. [50] for s-wave bound states. Ref. [31] extended the for-
malism to p-wave bound states though didn’t apply it to the
actual calculation, choosing to instead resum the 3yy/ rl(5 P
series. The zed-parametrization in > P channel would recover
the exact result at NLO at the cost of introducing large cor-
rections to the LO result.

~ Q/A.However, the actual expression in Eq. (26)

At NLO, there is an s-wave effective range réz) ~ 1/A
correction. The capture data at low energy is not sensitive
to this parameter. Fig. 4 shows the sensitivity to réz) 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 EFTgs and EFT, has to be dis-
cussed separately though they have the same momentum
dependence up to NLO. We start with EFTys where the con-
tributions from Fig. 1b, d from the initial state interactions
scale as a(()l)(Bo + Jo). Given the smaller a(()l) ~ 1/A in this
channel, these initial state interactions are Q/A suppressed
compared to the contributions from Fig. 1a, c, thus they con-
stitute a NNLO contribution. The wave function renormal-
ization constant ZCP2) has the same form as Eq. (26) for the
S = 2 channel.

In EFT, there are two differences in the S = 1 channel
from the previous discussion due to the mixing in the ini-
tial 3S1—3Sf scattering state and final 3p,3 Py bound state.
The scattering state contribution scales as AYD (B + Jo),
AUD(By + Jp). In the § = 1 channel, a}" ~ 1/A and
assuming all the scattering length parameters aj; ~ ajz ~
a» ~ 1/A to be natural as well, we see from Eq. (14) that
the initial state interaction in this channel also scales as Q/A
compared to the contributions Fig. 1a, ¢ without initial state
interaction. Thus in this theory also the scaling for the s-wave
interaction is similar to EFTgs up to NLO. There is one differ-
ence, however, from before. Now we have two wave function
renormalization constants Z ce 2, Z CP) that are shown in
Eq. (22). Given that the ANCs for > P, and * P} [32,48] are
of similar size, we do not attempt any perturbative expansion
in the mixing parameter ry>.

To summarize, the LO contribution to the capture to the
2% ground state is from the spin S = 2 channel. At this
order the cross section depends only on the S, scattering
length a(()Z) and the wave function renormalization constant
ZCP2) in both EFTg, and EFT,. The NLO corrections come
from the S, effective range r(gz) and from the capture in
the spin S = 1 channel without initial interaction in either
of the two theories, EFTgs or EFT,. Thus the momentum
dependence in EFTgs and EFT, are indistinguishable at NLO.
Up to this order, the difference between the two theories lies
in the interpretation of the wave function renormalization
constant ZCF)—in EFT,, one directly relates Z (P with

3
the p-wave effective momentum rl( P) EFT,, Z CP) (and

Z Crs )} is a function of three effective momenta ri1, r12, r22.
The NLO result depends only on Z CP 2 Z Cp 2) and once
they are fitted to capture data and/or ANCs, EFTgs and EFT,
results are indistinguishable.

The proposed power counting for the capture to the 17
state of 8Li in this work is very similar to the one pro-
posed above for the 2% ground state. The excited 3Li binding
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momentum y is relatively smaller and effective momentum
rl(SPl) is larger than yy and rl(5 P2 of the 8Li ground state,
respectively, see Table 2. In ° Py channel we could use the
zed-parametrization with a smaller NLO contribution. To
keep the presentation simple, we resum and use the exact
Z CP) at LO, similar to the Z CP) calculation.

We end this section with a discussion of higher order cor-
rections. The three main contributions to the capture cross
sections, discussed earlier in Sect. 2, are from initial state
scattering, electromagnetic currents, and final bound state
calculation. The contribution from the bound state calcula-
tion is contained in the wave function renormalization con-
stants Zs whose expressions are known exactly in terms of
the p-wave effective momenta. These do not receive correc-
tions from higher order scattering parameters. We simply fit
the Zs to capture data and/or ANCs, and consequently no
theory error is associated with the bound state calculation.

At the momenta p < yy that we consider, E1 transition is
the most relevant one. M1 transition was found to be relevant
only around the 3" resonant momentum pg = 19.1 MeV
[31]. The E2 transition strength was estimated in Ref. [10]
to be several orders suppressed compared to the E1 strength.
The E2 capture cross section is suppressed by additional fac-
tor of ké’ compared to the E1 capture when relating cross
sections to electromagnetic transition strengths [51,52], and
thus neglected here.

For capture to the 27 ground state one can consider in
EFTg; generic two-body E1 operators (eZ./M.) L[ Xi(; PZ)]T
Eexhy™ Tijeey and (eZe/MoLilx, ™1 Exxy ™ Rijsy in
spin § = 2 and S = 1 channels, respectively. E is the
electric field, and T;jkxy, R;jxy are defined in Appendix A.
The dimensionless couplings L; are defined to be compat-
ible with the dimer-neutron-core coupling in Eq. (1). For
example, the capture from 35, involves large rescattering
due to the large numerical value of the s-wave scattering
length, and a direct calculation gives an amplitude propor-

tional to —(eZq/M)D(E, 0)koLay/ 2w ZC P2 /11 with kg =
(p>+v3)/(2p) the photon energy. From Eq. (24) one notices
that, for p <1/ |a(()2) |, one has D(E, 0) ~ a(()z) and the two-
body current gives a relative contribution agkoLy [factoring
out the common (eZ./ M)/ 2w ZCP2) /1] to the amplitude.

InRefs. [30,31], ko was estimated to scale as Q2 /A, however,
given the large value i > A it is numerically more reason-
able to assume A/ ~ Q/A [53,54], thus kg ~ Q3/A>.
Using |a(()2)| ~ 1/0 we estimate the relative two-body cur-
rent contribution agkgLy ~ Q2 / A2, a NNLO effect for a
natural-sized Ly ~ 1. This estimate of the two-body current
is one order higher in perturbation than the estimate in Refs.
[30,31] due to the different scaling of k.

@ Springer

One can integrate out the auxiliary > S, dimer field without
any physical consequences. From Eq. (1), replacing the dimer

field through the equation of motion, (eZ./M.)L[ Xi(; PZ)]Jf

—(eZe/MOVIRTRLaLxS T
Ek(NQijC)T}jkxy/A(SSZ) where Q;; is the appropriate
Clebsch-Gordan coefficient matrix defined in Appendix A.
The contribution from this two-body operator written with-
out the dimer field is straightforward to calculate. One gets

—(eZe/Me)(koLa/ ACSD) 2 ZCFD f1u )

[1—27Jo(—ip)/(uACSD)] where the loop integral Jo(—ip)
was defined earlier in Eq. (7). Application of the RG condi-
tions similar to Eq. (8) for single-channel results in the same
relative contribution agkoL, at low momentum in the theory
without 3 S, dimer as expected.

Two-body current contributions from initial 3S; chan-
nel are even smaller. The scattering length a(()l) ~ 1/A in
this channel does not give the enhancement we get from
a(()z) ~ 1/Q. Unlike the 58, channel, the strong interaction

35S
EkX)Ey 2)Tijkxy -

is perturbative and one expands in paél) ~ Q/A. Moreover,
the capture in spin S = 1 is one order suppressed 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 351—3 Sf does
not result in a large scattering length in our power counting.
The S = 1 channel remains subleading and the correspond-
ing 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, rela-
tive to the s-wave contribution, is found [30,31] to scale as
p%/(p* + ¥?) in the capture amplitude which, though for-
mally O(1) for p ~ y, is kinematically suppressed at low
momentum. One takes y = yp, y| as appropriate for capture
tothe 2* and 17 3Li states, respectively. At p > 40 MeV, this
contribution is around 10% for capture to the 2" ground state
in the dominant § = 2 channel, and we count it as a NNLO
contribution. Strong interaction 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 channels
S =2and S = 1. The LO and NLO contributions in the
3§, channel, that has a large scattering length a(()z) ~1/0,
are already included. The NNLO correction from the ERE
is proportional to [ay”r? p2/21% ~ (Q/A)? [55] and, like
the d-wave contribution, is kinematically suppressed at low
momentum. The shape parameter 77(()2) enters at N3LO. The
strong interaction in the 38 1 channel in both EFT s and EFT,,

with the smaller scattering length a(()l) ~ 1/A K Ia(()z) [,
enters at NNLO in our power counting.
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Fig. 4 Capture to the 27 state in the c.m. frame. Up to NLO, EFT 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
varied réz) in the range —5 fm to 5 fm. The bottom panel shows only

the variation due to réz), The grid lines are explained in Fig. 3

6 Results and analysis

In Fig. 4, the EFTy/EFT, Lynn LO curve was generated
by constraining the wave function renormalization constant
ZCP) from the thermal capture data [6]. The corresponding
effective momentum rl(5 P2 value from Eq. (26) is in Table 1.
We took a” = —3.63(5) fm [43]. At NLO, the wave func-
tion renormalization ZC7? was constrained by the ratio of
the ANCs cl{3 ’, /C12’5 p, = 0.228(42) [44], and then ZCP)
was fitted to thermal capture data. This is the curve labeled
EFTy/EFT, Lynn-ANC NLO in Fig. 4. As discussed earlier,
see Fig. 2, itis important to independently constrain the wave
function renormalization constants inthe S =2 and § = 1
channels since the capture data and the branching ratio are
not sufficient. ZCP2) can be expressed in terms of a single
effective momentum in EF T butin EFT, it depends on three
effective momenta. As mentioned earlier, we do not attempt
to write ZCP2) in terms of these effective momenta. The LO
and NLO curves and the error bands, from errors in the input
parameters only, overlap. This is primarily a consequence of

os5f '
® Lynn '91
A Heil '98
0.4} ¢ Nagai'05

@ Blackmon (scaled) '96

--+ EFT4/EFT, Lynn-ANC NLO 1*

01 — EFTQS/EFT* Lynn—-ANC NLO Total
oo,
0.0— - - - - - - S
107° 1073 107" 10’ 108
Epap (keV)

Fig. 5 Total capture to the 27 and 17 state at NLO constrained by the

thermal capture data [6] in the lab frame. We varied réz) in the range

—5 fm to 5 fm. 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
errors. 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 2 ground state which was scaled in that work
by a factor of 1/0.894 to represent the total capture rate

constraining both the LO and NLO results to the same ther-
mal capture data. The errors in Fig. 4 were propagated in
quadrature from the errors in the input parameters.

In the bottom panel of Fig. 4, we show only the error asso-
ciated with varying the > S, channel effective range réz) ~

1/A between range —5fm to 5fm. r(()z) has a noticeable
impact on the capture cross section only at larger momenta
where precision data is lacking, and also happens to be in
a momentum range where the 3% resonance contribution is
significant. The resonance contribution can be added in EFT
as discussed earlier [31]. In this work we only include the
non-resonant contribution.

The plot in Fig. 5 includes capture to both the 2% ground
and 17 excited states of 8Li at NLO. The 2% capture cross
section is the same as in Fig. 4. The wave function renormal-
ization constant ZCP) in the 1+ capture is constrained from
the ratio Ci3 ’ /cf’5 p, = 0.73(12) [44], and ZCPD from
the thermal capture data [6]. We include the expected 10%
EFTy/EFT, errorin Fig. 5 from NNLO corrections. We show
some parameters for the capture to 17 in Table 2. As in the
27 capture, the S = 2 channel effective momentum rl(5 P g
calculated from the wave function renormalization constant
ZCP) using a relation similar to Eq. (26), treating it as a
single-channel calculation. We see that the extrapolation of
the EFTos/EFT, curves to low momentum gives an accurate
postdiction of the sub-thermal datum [8]. A few numerical
results are shown in Table 3.

@ Springer
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Table 2 Li(n, y)3Li capture to the 11 state. We estimate the parame-

. . . S 5
ters as described in the text. Interpretation of rf PO from 2CP) ,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 EFTgs A below

Theory Zl(s Pu) rl(5 PO (fm=1) ZfP') Thermal ratio Branching ratio
EFTgs A 2.4(5) —2.44) 2.4(5) 1 0.94(2)
EFT,,/EFT, Lynn LO 2.6(3) ~23(2) - 1 1

EFTg/EFT, Lynn-ANC NLO 2.4(3) —-2.412) 1.8(3) 1 0.94(2)
EFT,,/EFT, ANC LO 2202) ~2.502) - 0.87(7) 1

EFT,/EFT, ANC NLO 2.2(2) —-2.5(2) 1.6(2) 0.92(7) 0.94(1)

Table 3 "Li(n, y)8Li El capture to the 2+ and 1% state. These corre-
spond to the NLO EFTgs/EFT, result from Fig. 5. The errors from the
inputs are propagated in quadrature. The estimated 10% NNLO theory
error is not shown

Eyap (keV) vios; ) (ub) vy (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)

The higher momentum data points in Fig. 5 from Refs.
[8,9] are associated with the M1 transition from the initial
3+ resonance state. As mentioned before, this contribution
can be included in EFT as presented in Ref. [31] where the
resonance is described as a > P state of the valence neutron
and the ground state of Li. The excited state "Li* does not
contribute to the initial > P; scattering state. To keep the dis-
cussion more focused we do not include the M1 contribution.

As alternative fitting procedure one determines the
unknown couplings from just the ANCs, like the last two
rows of Tables 1 and 2. The thermal ratios at LO and NLO,
which are predictions in this case, show a converging pat-
tern consistent with the assumed Q/A ~ 1/3 estimate. In
Fig. 6 the total capture rate (top panel) and capture rate to
the excited state (bottom panel) of 3Li using the measured
ANCs [44] as input are shown. The LO (dot-dashed curve)
and NLO (solid curve) result show a convergence pattern, and
the NLO result is well within the estimated 30% correction
to the LO result. We include the expected 10% NNLO theory
error to the NLO curve. The errors from the input parameters
are dominated by the ANC errors, and are nearly as large
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Fig. 6 Top panel: Total capture to the 2% 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 the theory errors. We also show, in the bottom panel, the
capture to the excited state using the expression from earlier
calculation [31] that had a mistake as the long-short-dashed
curve. The corrected expression in Eq. (29) with |b|> = 5/6
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instead of |b|?> = 1/2, shown as the solid curve, gives a more
accurate description of thermal data [6]. In Ref. [31], ZCP2)
was fitted to thermal capture, and so the mistake would not
have been apparent.

In Fig. 6, 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 capture from both
S = 2 s-wave initial state with strong interaction and § = 1
s-wave initial state without strong interaction. This makes
their result, in our power counting, NLO that includes the
same exact contributions to the capture cross section as ours.
Their result also includes capture from initial d-wave without
strong interaction 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. 6 instead of the calculated
ANC:s 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), particularly capture to
the dominant 2+ ground state, has to do with the evaluation of
the wave function renormalization constants and their rela-
tions to the ANCs. Ref. [32] expands the ANCs as LO, NLO
whereas we treat them as experimental input without expan-
sion. 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 fac-
tors a, b that appear in Eqs. (27), (29) in their cross section
making it difficult to infer the composition of their bound
states in terms of p3,2, 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 reproduced by Zhang et
al. [32]. The capture to the excited state by Zhang et al. is
found to be closer to our previous calculation [31] that has
been corrected now. Ref. [32] calculates the S = 2 thermal
branching ratio for the 27 state as 0.93(2) in agreement, but
as 0.75(7) for the 17 state in disagreement with our results,
Tables 1, 2.

Finally in Fig. 7, we consider some recent Coulomb disso-
ciation data that was used to predict the capture cross section.
We extracted the experimental results digitally from Fig. 10
of Ref. [10]. 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 digital extraction to introduce errors of about
a 1%. The dashed (red) curve is the EFTg A result from
Fig. 3 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 cur-
rent contribution and S = 2 channel s-wave effective range
correction. However, one can see that the expected NNLO
corrections to the NLO EFTy/EFT, solid (blue) curve from

) A Heil '98

= ¢ Nagai '05

&) v lIzsék '13
10"t

- - - EFTgs A with d-wave, Ref. [31]
—— EFTy/EFT, Lynn—-ANC NLO

1 6‘ 1 62 1 63
Elab (keV)

Fig. 7 Capture cross section via Coulomb dissociation in the lab frame.
Izsdk data were extracted from Ref. [10] as explained in the text. The
dashed (red) curve is the EFTg A result from Fig. 3 together with
capture from d-wave initial state [30,31]. Solid (blue) curve is the NLO
EFTg/EFT, result from Fig. 5

Fig. 5 moves the theory result in better agreement with the
data. The difference between the dashed and solid curve is
about4% at Ej,p ~ 1 MeV, which is consistent with a NNLO
correction.

7 Conclusions

We considered the E1 contribution to the "Li(n, y)3Li cap-
ture 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 free-
dom [30,31]. We developed a power counting for both the
EFTs—one with explicit excited 7Li* core EFT, and one
without EFTgs—and show that the two theories are equiva-
lent in their momentum-dependence up to NLO. This con-
firms the expectation that the ' Li* contribution to the momen-
tum dependence, which participates only in the sub-dominant
spin § = 1 channel with a branching ratio of ~ 0.2, is a
higher-order effect [30,31]. Though the momentum depen-
dence in both EFTs at this order is the same, the interpretation
of the cross section in the § = 1 channel in terms of p-wave
effective momenta in the two theories is different. In EFTg;,
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. 4 relaxed the simplification

3 5
rl( P) _ yf P2) A, for the 27 8Li ground state, done in pre-

3
vious works [30,31]. In EFTg;, Fig. 2 shows how ’"1( P2) and

5
r 1( P2) are correlated to reproduce a given value for the thermal

capture to the ground 27 state of 8Li and the branching ratio

@ Springer
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3 5
of the spin channel § = 2. Alternatively, rl( P2 and rl( F2)

can be fixed via the corresponding ANCs C iS P, and C 12,5 P
calculated in Ref. [48] or taken from experiment [44], witl

similar numerical results. The differences from the simplified
assumption r](3 P — rl(5 P2) are compatible with a NLO cor-
rection. In EFT, the wave function renormalization constants
Z(SPZ), Z(3P2), and 2(3 P) can be fitted to the correspond-
ing ANCs, though they are not enough to pin down the extra

; e rCP
couplings that appear—while r,

from Z cp 2), this is not true for the three S = 1 effective
momenta r;; in terms of Z CP2) and 2CP) | Similar analysis
for the p-wave channels corresponding to the 11 3Li 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 EFTys 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 Q2/A2 NNLO corrections.

At NNLO, there are several contributions to the capture
to the 2 ground state of 8Li. Two-body current contribu-
tion to capture from the 58, channel scales as koa(()z) L, [54].
This is a 9>/ A% NNLO contribution for a natural-sized cou-
pling L, ~ 1, given the scalings for the scattering length
a(()z) ~ 1/Q and the photon energy ko = (p? + y3)/(2p) ~
Q3/A?. The NNLO contributions from the S = 1 channel
start with initial state s-wave strong interactions. In EFTg,
the s-wave interactions can be parameterized by the scat-
tering length a(()l). In EFT,, the initial state s-wave interac-
tions involve a coupled-channel calculation parameterized by
the three scattering lengths a11, aj2, azy. Capture cross sec-
tion from d-wave that scales as p*/(p* + )/02)2 was included
in Refs. [30,31]. 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 S receives a NNLO correction proportional
to [a(()z)réz) p?/2]* while the shape parameter 7352) enters at
N3LO [55]. The NNLO contributions for the capture to the
17 excited state of 8Li are similar to those discussed for the
2% 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 param-
eters. 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

is uniquely determined

@ Springer

differ significantly (differences < 1.5% for p < 40 MeV)
from earlier calculations (excluding d-wave contributions) in
Refs. [30,31]. However, Fig. 6 shows a considerable numer-
ical discrepancy between our and Zhang et al.’s [32] results.
Since Fig. 6 uses the same ANCs as input, the discrepancy
has to do with the relation 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, y)gLi [36]. The NNLO E1 and
LO MI contributions to "Be(p, y)3B has recently been cal-
culated using the current coupled-channel formalism. 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 refer-
ence. For each partial wave we construct the corresponding
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

Sl_%(f —01 (1) %)
)

e (0100).
which satisfy
88T =28 — iGijkO'ka
3 3
518 = 3oy - PP+ S

where Jl.(3/ 25 are the generators of the spin-3/2. We con-
struct the Clebsch-Gordan coefficient matrices

iv3
i =——5025i,

i
; Qij :——Gz(UiSi-i-UjSi)v

A3
7 (A3)
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for projections onto spin channels S = 1 and S = 2, respec-
tively. Then in coordinate space the relevant projectors that
appear in the Lagrangians involving the "Li ground state in
Egs. (1), (2) are [30,31]

sy
PN =Fj,
CS2)
P,'j ¥ = Qij,
3 — «~
3 \Y \
pCr =\/jFx <———> €ixy »
2 me. my
y
— <«
3p v \%
P = V3F, (—--) Ruyij
me mpy
y
) — <«
P V Vv
- fla (3-8
5 me my
| — «~
CPy) v Vv
— - Teyeii - Ad
ij \/EQX)’ (mc m, . xyzij ( )

The tensors
1 2
Rijxy =3 8ix8jy + 8iy5jx - _(Sijéxy s
2 3
1
Tyyzij = E(EXZ!"S)U' + €xzj0yi + €yzi0yxj + Gyzj5xi>, (AS)
ensures total angular momentum J = 2 is picked.

The new projectors to describe the interactions in Eq. (2)
with the excited 7Li* core are

ésp i

P! = —EO'QO'I' s
— <«
cpr V3 vV Vv
P = _’7‘72% m_c - m—n €ixy »
y

(A6)

— <~
ér _ /3 v_»JV .
Pij = —l\/;O'ZO'x m—c—m—n nyyl]'

For the external states we introduce the photon vector
(sl.(y)), excited state 8Li 1T spin-1 (¢;), and ground state 8Lj
2 spin-2 (;;) polarizations, obeying the following polar-
ization sums [58,59],

0 % _ kik
>_ee =% =3

pol.

84.
> as= ¥

pol. ave.

« _ Rijim
> ey = K

pol. ave.

(A7)
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