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The radiative neutron capture on lithium-7 is calculatedleiindependently using a low energy halo effective
field theory. The cross section is expressed in terms ofesaadt parameters directly related to tBematrix
element. It depends on the poorly knowrwave effective range parameter. This constitutes the largest
uncertainty in traditional model calculations. It is exjly demonstrated by comparing with potential model
calculations. A single parameter fit describes the low gndaga extremely well and yields ~ —1.47 fm™1.

PACS numbers: 25.40.Lw, 25.20.-x

Introduction: Low energy nuclear reactions play a crucial 0.1375 MeV is a halo system. Current extrapolation of the
role in Big Bang Nucleosynthesis (BBN), stellar burning and’Be(p,y)®B cross section to solar energies introduce errors
element synthesis at supernova sité$|[1-3]. These low gnerdn the 5— 20% range![4,/8,19]. A model-independent EFT
reactions also play an important role in testing astroptaysi calculation would be very useful to estimate the errors @ th
models and physics beyond the Standard Model of particlextrapolation. In addition, this would be an important step
physics. Often the key nuclear reactions occur at enerigégs t developing EFT techniques for weakly-bound nuclei as has
are not directly accessible in terrestrial laboratoriesdiRtive  been accomplished in the few nucleon systems. Experiments
proton capture on berylliurfiBe(p,y)®B is one of them —it  such as those planned at the future F [10] would explore
is important for boron-8 production in the sun, whose weakexotic nuclei near the drip lines where halo systems abound.
decay results in the high energy neutrinos that are detetted Structure and reactions with halo EFT can serve as benchmark
terrestrial laboratories looking for physics beyond thanSt for phenomenological models of nuclei near the drip lines.
da_lrd Mod_el. _The relevant solar energy, the Gamow peak, for \we consider the low energy reactidhi(n,y)8Li, which
th|§ reaction is arour?d 20 keV/ [4]. This _necessnates ertrap is an isospin mirror tdBe(p,y)®B. The n-’Li system al-
lation to solar energies of known experimental capturecros|qys formulating the EFT for the nuclear interactions with-
sections from above around 100 keV. Theoretical input beg, ¢ the added complication of the Coulomb force. Besides,
comes necessary for this extrapolation. Effective fieldthe 7| ; (n,y)BLi is a key process in inhomogeneous BBN models.

_(EFT) is an ideal formalism for_this as it prov_ides a model- i reaction rate impacts the abundancelofand the pro-
independent Ca|Cl.,I|atIO.n- with reliable error estimates. duction of carbon-oxygen-nitrogen in the early univerbast

In an EFT, one identifies the relevant Iovx_/ energy degrees Oéonstraining alternative astrophysical scenarios [11fadF
freedom and constructs the most general interactions @llow tionally 7Li(n,y)8Li has been calculated in a single-particle
by symmetry without modeling the short distance physicsgpproximation as &Li core plus a valence neutron interact-
The interactions are organized in a low momentum expanmg via a Woods-Saxon potential, e.g. Ref$[[8,[12, 13]. This
sion. At a given order in the expansion, a finite number ofapproximation breaks down at higher energies when the-inter
interactions has to be considered andeapriori estimate  nga| structure of théLi core is probed, for example, near the
of the theoretical error can be made. Estabhshm&| theoretihreshold forLi (v,2He)a which is about 5 MeV above the
cal errors is crucial due to astrophysical demandis [L] 2, 4lpinding energyB ~ 2.03 MeV of thebLi core. We treat the
A systematic expansion of interactions is important beeaus?| j nycleus as point-like since we work at very low energies.
many processes involve external currents, and any prescrify the following we show that the capture cross section below
tion used in phenomenological models involve some uncerz, 100 keV is very sensitive to the-wave effective range,

tainty. As an example, the cross section fiop,y)d at BBN 5 result that carries over to the mirr@e(p,y)8B reaction.
eneﬁles was calculated within EFT to an accuracy of about

1% [5]. Systematic treatment of two-body currents was nec- Interaction: The reIevanF Iovy energy ngclearsdggrges of

essary to achieve this level of precision, and it addressed ferle.edom., h1e+re,3§tre the pomt-hkg neutrdij and °Li W'th

critical need|[1] for nuclear theory input in astrophysics. ~ SPin-parity; -, 3 and 2" respectively. At low energies the
While applications of EFT to systems with< 4 nucleons relevant partial waves in the incoming/Li state ares-waves:

i . . A ) i . i~y 3 5 . . . 1

is well developed, fols > 5 it is still in its infancy. How- L <2 in the spectroscopic notatiof?**L,. The ground

ever, some loosely bound systems, like halo nuclei open ne

wfate is a 2 state that is primarily the symmetric combina-
o . i iblao- 5 -

possibilities. The small separation energy of the valenee n 10N Of the possiblgp-wave statesP, and°P; [14]. Conserva

cleons in halo nuclei provides a small expansion parameté

jon of parity implies that the reactiofLi(n,y)8Li proceeds

for constructing a halo EFT[l[G]. In Refl[7], electromag- through the electric dipole transition E1 at lowest order.

netic transition in the halo systetBe was considered. The  The leading order interactions fewave contain no deriva-
8B nucleus with a proton weakly bound to thBe core by tives. The two-componentspi%meutronfield\l(x) and four-
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componentspir% ’Lifield C(x) can be combinedinto ths;  final amplitude is independent dxf[lﬂ]. In Ref. Eﬂ;], initial
and®S; states using the Clebsch-Gordan coefficient matricestate interactions using ERE was also considered.
F., Qij asNTFRC andNT Q;;C respectively. The vectorindex  The final®Li bound state is in g-wave that we consider
in F; relates to the three magnetic quantum numbers in the spishallow similar to its isospin mirrdtB nucleus. The EFT for
S= 1 channel. The symmetric, traceless matri@gselate to  shallowp-wave states was formulated in Réf. [6] where it was
the five magnetic quantum numbers in the spia 2 channel.  shown that, unlikes-wave, it requires not one but two non-
We write thes-wave leading order interaction Lagrangian as perturbative EFT interactions. The renormalization oflecs
easily accomplished in the dimer formalism. The interaxgio
£ =g (NTRC)(NTRC)+g@ (NTQ;;C)T(NTQ;C), (1) in the 3P, and5P; states are constructed by combining the
) ) ] o matrices, Qjj and the Galilean invariant velocity difference
where a single momentum—lndependen_tmteract!on in each Qfector(vc — vn)k into a p-wave dimer with totall = 2. We
the3S; and®S, channels was kept. The higher derivative termsyrite the corresponding interaction Lagrangian as
are suppressed at low energy. The 2 Clebsch-Gordan ma-

. . 2
trices are given as (P :(ﬂTj {A(l) + <i60+ ZD_M)} @]
iv3 [ LT L
F:_—OZSa Q :——02[0'5""0'8]1 (2)
=T UV A A VA | GNTRGE — Zycthe | Ry
Mc My
whereSis are spin% to spin-% transition matrices[[G] and;’'s 2
are the usual Pauli matrices. + TT,-TJ- [A(Z) + (iao—i- m)} Tj
[, - 0 0
+ﬁ quN Qxy(M—c — M—N)ZC+ h.c.| Tayzij, (4)

whereg; (15;) is the dimer in théP, (°P,) channel, and
1 2
Rijey = 5 [OxBjy + By Bjx — 38ij Bxy);

1
Tuyzij = > [Exzi®yj + ExziOyi + EyziOxj + EyzOxi] - %)

The interactions irc (P) are equivalent to the ones with only
neutron-core short range interactions without a dimer field
In terms of Feynman diagrams, the four-fermion neutrorecor

FIG. 1. ﬂ(()K) is the3Sy, 5S, scattering amplitudeqf() isthe3p,, 5p,  interactionis replaced in the dimer formulation by a dimer e

scattering amplitude. Double line is tei propagator, single line  change, Fig1. The non-perturbative iteration of the legdi
the neutron propagator, dashed line the bare dimer propagat operators is accomplished by “dressing” the dimer propaga-
tor with nucleon-core loops. For a given spin-channel 1
(®P,) or k = 2 (°P,) the dressed dimer propagator, which is

The interaction in Eq.[{1) producessawave amplitude _ . )
a.lL) p P proportional to the elastic amplitude, reads

shown in Fig[lL. It is a geometric series, summed to give

. iRjj
ig®) iD™)(po, p)Rijmn = umn

. (K) ?
. 1 3 T
. dP1g 2u(A/2)4D i . f __( s_Z 2)\+—)\3) 6
9= s i B0 O () O

wherel = \/—2up + Hp?/M —i0F, M = My + Mc. Match-

ing the EFT amplitudes to thp-wave ERE expansion deter-
mines the coupling pait¥), h(K)). Again, only the first two
ERE parameters are kept in the low energy expansion since
EFT requires two operators at leading order.

whereg®) corresponds t@?, g@ in the respective spin
channels ana\ is the renormalization scale. The loop in-
tegralL(p) is evaluated in the power divergence subtraction
scheme [[15] where divergences in bdth= 4 and lower
space-tlmedlmer!smns are subtrac_ted. Matchmg[EE_q. (B)et_ot Radiative capture:The leading order capture cross sec-
low-energy effectwe range expansion (ERE)(K?mpllltude flXe%ion can be calculated via minimally coupling the photon by
the EFT couplings ag)(A) = (2m)/[u(A — 1/ay")] with the gauging the’Li core momentumpc — pc + ZceA, where
scattering Iengthaéz) = —3.63+0.05fm, at()l) =0.874+0.07 Zc=3isthe’Licore charge. The E1 contribution comes from
fm [IE]. Introduction of the renormalization scal@llows for ~ the diagrams in Fid.J2. The center of mass (CM) kinemat-
a systematic expansion of the different terms even though thics are defined witlp (k) the core (photon) momentum and
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k -p = cosh. Formally we takep ~ y as the small scale where main theoretical uncertainty at this order. Changing ttiecef
y= /2B~ 57.8 MeV is the®Li binding momentum. Then at tive range{*) modifiesz ) and moves the cross section up or
leading order the Mandelstam variale: (Mn +Mc)?>=M?  down by a multiplicative factor. In traditional potentiabuel
and|k| = ko~ (p?+Y?)/(21). We get for the CM differential  calculations, the parameters are determined by reprogucin

cross section the 8Li binding energy. However, this does not constrain the
do 1 |k 1 2. effective range and other parameters of the ERE. For example
k| | %~ Py [901°. (7)  inaWoods-Saxon potentisli(r) = —Vo[1+exp( 58]~ dif-

dedcosd ~ 64r2s p| ~ 64BM2 2up

ferent choices for the depth, rangeR., diffusiveness; can
be made to reproduce the knowhi binding energy. This

however produces different effective ranges, and conssitu
an irreducible source of error in the theoretical calcoladi
-0 - - o 0o 0 - - . . - H
Comparing the contributions to the capture cross section
(a) (b)

from the two spin channels analytically, we get

(5P,) _24@\)2
° - (325 V) ~ 081

o®°P2) 4 gCP2) [p=0 (3— Za(()Z)y)z +(3- Zaél)y)z
- > - = e oo - - - (10)
(d)

using the same effective ranggin both spin channels. This
ratio is close to the experimentally observed ratio [20prRr
Egs. [8), [®) one can see that the total cross section at low

energy is not independently sensitiverﬁ@ andr&l). This is
confirmed by our fit to data.

In Fig.[d, we compare potential model calculations using

_— G P
T_he capture from t_he initial Staks, to the P.2 _fl_nal state  omprello’s mZ], and Davids—TypeI’£|[8] parameters to EFT
(spin channel 2) dominates due to the larger initial staté-sCc . v as At low energy the potential model results can be re-

; 2 1 : L .
tering Iengthaé) > aé ) The divergence in diagraitb) is  produced in EFT with a small variation in the effective range
canceled byd) [EI]. Summing over all polarizations and spins _0.46 fm* < r; < —0.3 fm. At higher energies they dif-

fer since potential models include ERE parameters beyond
o P12 _ 5 (ZCMN>2 64t aM2|h(@)\/Z@)2 p : ;

(c)

FIG. 2. Capture reaction&.i(n,y)8Li. Wavy lines represent pho-
tons. “--” represents initial statewave interaction.

the scattering length and effective range. A fit to data from

M H Ref. ] in the energy rangg, ~ 2— 700 eV gives an ef-
2 i _ —1 i i
> P Sit0 [ 22 . fective ranger; = —1.83 fm—+ with only the spin channel 2
x [|1+X| CpP+y2 <p2+y2+X+X ’ contribution andr; = —1.47 fm~! with both spin channels
i 2\ —ip3 1 and 2. Both the; values are compatible with the Wigner
X=———(P-iz ). (8)  bound [22] which, for a nucleon-core interaction shortenth
—1/ay" —ip P2+ y? 3 fm restrictsr; to be smaller than aroundl fm~1. Follow-

. . o ; ing Ref. ], their data and the theory curves in the rigimgda
with o = &/(4m), the dlme.r polarlzatlon-surzsijsxy =Ry in Fig.[3 were divided by the known experimental branching
[19] and the wave function renormalizatidt??|z (2| = ratio 0.89 to the ground state and compared to a few other
21/|3y+ r§2>|, wherergz) is the effective range in titP, scat-  available datd [23—25]. The was fitted to the unscaled data
tering amplitude .z @) is defined as the residue at the pole in for transition to the ground state as appropriate. It isrdleat

the dressed dimer propaga®f® (po,p). The capture from the theory error in the low energy extrapolation comes from
33, to 3P, state has the same exact expression as[Eq. (8) efhe uncertainty in the effective range at leading order.

cept thataéz), rgz)’ andz @ are replaced by the corresponding  Conclusions: Using a _model-independent formal?sm we
parameters in the spin channel 1. The differential cross seglemonstrated and quantified the theoretical uncertainttysn

tion averaged over initial spin states is ’Li(n,y)8Li calculation associated with phenomenological
potentials in the single particle approximation. The legdi

do 1 p2+y2 1|0 CPD2 4 g CP2)2 order result depends on tipewave effective range parameter

dcosh  32rivi2 2up 8 2 ) ri that is poorly known. Without detailed knowledge about

this parameter, model calculations deviate from data at low
taking the®Li nucleus as a symmetric combinatiéiiP2) +  energy. We extract this effective range parameter by fitting
°P2))/V/2 of final states. The total cross sectiofp) is cal-  our analytic form to data.
culated with a straightforward integration over the arfjle Itis important to stress that this sensitivityrtoat low ener-
The parameters ig(p) can be determined from elastie  gies is a consequence of having two operators for shatiow
’Li scattering data anflLi binding energy. However, the-  wave states at leading order. Therefore the conclusiorteeof t
wave effective rangei'() is not known accurately. This is the presentwork also apply to tH&e(p,y)®B reaction. Coulomb
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FIG. 3. Potential model curves: (blue) long-dashed cureenfr
Davids-Typel [B], (red) dashed curve from Tombrellol[12].0pT
panel: (black) solid curve EFT withy = —0.3 fm~1, (black) dot-
dashed curve EFT with; = —0.46 fm—1. Bottom panel: (black)
solid curve EFT withrq fitted to data.

interactions inp 4 ‘Be scattering andBe(p,y)®B reaction is
under investigatioriEG].
The EFT expression fofLi(n,y)8Li capture is consistent
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