Physics Letters B 825 (2022) 136847

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Simulating core excitation in breakup reactions of halo nuclei using an

effective three-body force
P. Capel abx DR, Phillips ¢.d.e H.-W. Hammer ¢-¢

Check for
updates

L)

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, Johann-Joachim-Becher Weg 45, D-55099 Mainz, Germany
b physique Nucléaire et Physique Quantique (C.P. 229), Université libre de Bruxelles (ULB), 50 avenue ED. Roosevelt, B-1050 Brussels, Belgium
¢ Institute of Nuclear and Particle Physics and Department of Physics and Astronomy, Ohio University, Athens, OH 45701, USA

d Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany

€ ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 20 September 2021

Received in revised form 16 December 2021
Accepted 18 December 2021

Available online 22 December 2021

Editor: J.-P. Blaizot

Keywords:

Halo Effective Field Theory
One-neutron halo nuclei
Nuclear breakup

Core excitation
Three-body force

We extend our previous calculation of the breakup of ''Be using Halo Effective Field Theory and the
Dynamical Eikonal Approximation to include an effective °Be-n-target force. The force is constructed to
account for the virtual excitation of 1°Be to its low-lying 2t excited state. In the case of breakup on
a 12C target this improves the description of the neutron-energy and angular spectra, especially in the
vicinity of the '1Be %+ state. By fine-tuning the range parameters of the three-body force, a reasonable
description of data in the region of the %+ TBe state can also be obtained. This sensitivity to the three-
body force’s range results from the structure of the overlap integral that governs the 'Be s-to-d-state
transitions which it induces.
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1. Introduction

Since their discovery in the mid-80s halo nuclei have been the
subject of intense experimental and theoretical study [1,2]. These
nuclei, located on the edge of the valley of stability, are much
larger than their isobars. Their unusual size can be seen as a mani-
festation of quantum-tunnelling: one or two loosely bound valence
nucleons have a high probability to reside in the classically forbid-
den region outside the nuclear mean-field potential. The nucleus
can thus be described as an extended, diffuse halo surrounding a
compact core. Archetypes are !1Be, a one-neutron halo, and ''Lj,
with two neutrons in its halo.

The case of 11Be is especially interesting because it has recently
been computed ab initio within the No-Core Shell Model with Con-
tinuum (NCSMC) [3] using the N2LOss [4] Chiral Effective Field
Theory (x EFT) nucleon-nucleon interaction. Moreover 1Be has re-
ceived much experimental attention, with its breakup on both lead
and carbon targets measured at GSI and RIKEN [5,6]. In this work,
we focus on the latter experiment, and more particularly on the
dissociation of 1'Be on 2C at 67 MeV/nucleon [6].
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The presence of a halo in ''Be implies that the valence neu-
tron strongly decouples from the other nucleons and hence that
the structure of the nucleus can be described within a two-cluster
model: a neutron loosely bound to a '9Be core. Because of this
clear separation of scales ''Be is well suited for the application
of EFT [7-9]. In this “Halo EFT”, the Hamiltonian that describes
the core-halo structure is expanded as a series in a small pa-
rameter that is the ratio of the nucleus’ small core radius to its
large halo radius. Since the EFT is designed to be insensitive to
short-distance details each term in the expansion of the core-halo
interaction is taken to be a contact term or derivatives thereof. The
parameters of this expansion, viz. the coefficients of each term in
the core-neutron potential, are constrained by information on the
structure of the nucleus, taken from experiment or from reliable
nuclear-structure calculations. Therefore, at each new order, more
information is provided about the structure of !'Be in a system-
atic manner. In this way the key degrees of freedom can clearly
be identified and ranked in importance (see Ref. [10] for a recent
review).

In a previous work [11], we coupled such a Halo EFT de-
scription of ''Be to a precise reaction model in order to analyse
the breakup data of Ref. [6]. The reaction was described in the
Dynamical Eikonal Approximation (DEA), which provides reliable
collision observables in these experimental conditions [12,13]. Ex-
cellent agreement with the data of Ref. [G] on a Pb target was
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obtained. This idea has then been successfully extended to analyse
the GSI experiment [14], transfer [15] and knockout reactions [16].

For the '2C target, the magnitude and general shape of the
breakup cross section of 'Be was well reproduced, but the calcu-
lation missed breakup strength in the energy region of the %Jr and

%+ resonances of '1Be at, respectively, 1.27 MeV and 3 MeV above

the one-neutron threshold [11,14]. The experimental breakup cross
section exhibits clear peaks at these energies [6,17]. We adjusted
the 19Be-n interaction in the ds ,2 and d3,, partial waves to repro-
duce these continuum states as single-particle resonances. This re-
duced the discrepancy between our prediction and data, although
a significant breakup strength was still missing, especially at the
%Jr resonance [11]. These results were insensitive to off-shell prop-
erties of the 1°Be-neutron interaction.

In the present work, we explore the significance of the core
excitation in the breakup of 'Be on '2C by introducing in the re-
action model a three-body interaction between the target, the 1°Be
core and the halo neutron. This has the effect of inducing addi-
tional s-to-d-wave transitions in the 11Be system. Such an effective
way to describe the virtual excitation of one of the participants in
a collision has been used in various nuclear-physics contexts, from
the A(1232) in the original Fujita-Miyazawa three-nucleon force
[18], to proton scattering from deformed nuclei [19,20], to y EFT
nuclear forces [21-23] and transfer reactions [24]. For a colloquium
on effective three-body forces in nuclear physics and beyond, see
Ref. [25]. Here we expect that such an approach will be useful for
energies less than the 3.368 MeV needed to produce the 2% excita-
tion of 1°Be in the final state of the collision. Therefore we mainly
focus on relative energies E between the 1°Be core and the halo
neutron below 3 MeV, where the Halo EFT expansion is well justi-
fied. However, our description can be extended to higher energies
by tuning the range parameters of the three-body interactions.

After a brief reminder of the theoretical framework, we intro-
duce the form of the three-body force that we consider in this
work, see Sec. 2. Our results and their analysis are provided in
Sec. 3. We offer our conclusions in Sec. 4.

2. Formalism

To model the collision of the one-neutron halo nucleus !!'Be
on a target, we describe it as a valence neutron n loosely bound
to a '9Be core c [26]. This two-body structure is modelled by the
single-particle Hamiltonian

hZ
Ho=—-—A+ Ve (), (1)
2pn

where u is the c-n reduced mass, r their relative coordinate, and
A the corresponding Laplacian. As in our previous work [11], the
binding potential V., is built within the framework of Halo EFT
[10]. In this approach the details of V., are not important: their
impact on observables is suppressed because of the broad exten-
sion of the halo wave function. Accordingly, V¢, is taken to be
a contact interaction and its derivatives. For practical use, that
interaction is regularised by a Gaussian of range rgp, and is pa-
rameterised partial wave by partial wave. At next-to-leading order
(NLO) we follow Ref. [11] and take the potential in both the sq,;
and p1,2 channels to be:

2 2

r

Ven(r) = Vo(ro)e 8 + Va(royre 3. (2)

r

The internal structure of the projectile is then described by the
eigenstates of Hg. The negative-energy states are discrete and cor-
respond to the projectile bound states, whereas the positive-energy
states form the continuum that simulates the broken-up '!Be. As
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Fig. 1. Illustration of the effective three-body force that arises from the virtual ex-
citation of the °Be core to the 2¥ state. At long wavelengths/low energies the
mechanism shown in the left part of the figure can be replaced by the effective
three-body force shown in the right part. RBT and R{" represent, respectively, the
range of the core-target and core-neutron interactions.

explained in Ref. [11], the potential depths V( and V are fitted to
reproduce structure information about the nucleus. In the present
case we take the one-neutron separation energy of !!Be in both its
bound states from experiment and the corresponding asymptotic
normalisation coefficients (ANC) from the ab initio NCSMC calcula-
tions of Calci et al. [3].

Because our goal is to study the influence of the excitation of
the core on the resonant breakup mechanism, we consider the po-
tential we developed in Sec. VII of Ref. [11] and called beyond NLO.
Le., in addition to fitting the potential (2) in the si,2 and pi,2
waves, we also add a c-n interaction in both the ds/,; and the d3/;
partial waves and adjust it to produce a single-particle resonant
state at the energy and with the width deduced from experiments.
We use the potential of range ro = 1.2 fm, apart from the p3/, par-
tial wave, where we use the potential with rg = 1.0 fm that better
reproduces the p3;; phaseshift predicted in Ref. [3].

The interaction between the projectile’s constituents and the
target T is simulated by the optical potentials V.r and V7. Their
imaginary parts account for the channels not explicitly included in
this few-body model of the collision, such as the capture of the
halo neutron by the target or the dissociation of the core during
the collision (see Ref. [11] for details).

Within this framework, studying the projectile-target (P-T) col-
lision amounts to solving the Schrodinger equation with the three-
body Hamiltonian [26]

2
H=

~ 2 AR+ Ho+ Ver(Rer) + Var (Rat) + V3p (Rer, 1) (3)

where ppr is the P-T reduced mass, R their relative coordinate,
and R,y and R,r the ¢-T and n-T relative coordinates, respec-
tively. The Schrodinger equation has to be solved with the initial
condition that the projectile in its ground state is impinging on the
target. At the intermediate beam energy considered here, this is
a problem for which the Dynamical Eikonal Approximation (DEA)
[12,13] is perfectly suited.

The term V3, will always be present in an effective descrip-
tion of the collision at low resolution [25]. It accounts for virtual
excitations of the core or target to states not explicitly included
in the Hilbert space. In the present case, this interaction is tai-
lored to simulate the virtual excitation of '°Be during the collision
as illustrated in Fig. 1. The core, initially in its 0% ground state
(single dashed line), can be excited to its first excited 2% state
(double dashed line) through its interaction with the target (double
solid line). It can then come back to its ground state by interact-
ing with the halo neutron (single solid line). After tracing over the
(unobserved) 1°Be degrees of freedom this produces a quadrupole
operator (Ver - VenVer - Ven — 3V V2) acting on a product of
Gaussian interactions: a core-target Gaussian potential with range
RBT and a core-neutron one with range R{". This yields:

Vap(Rer, 1) = VP (RS, RGN Y9 (Rer -7, 0)
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Fig. 2. Influence of a three-body force on the breakup cross section for 'Be on '2C at 67 MeV/nucleon (a) as a function of the '°Be-n relative energy E after dissociation;

(b) as a function of the scattering angle 6 of the °Be-n centre of mass for 1.2 MeV < E < 1.4 MeV, viz. at the 3

5% resonant state. The prediction of Love and Satchler [19,20]

is compared to the EFT approach (4) with different ranges RBT (we keep R§" =1.7 fm fixed by the range of V¢,) and to the data of Ref. [6].

where Y™(6, ¢) is a spherical harmonic, V3?(RST, R") is the mag-
nitude of the three-body interaction for particular ranges R8T and
Rf)“.] The three-body force in Eq. (4) is very similar to the ef-
fective force derived already fifty years ago by Love and Satchler
to account for core polarization in low-energy proton scattering
from deformed nuclei [19,20]. A quantitative comparison of that
approach with ours is given in the next section. Note that the
inclusion of core degrees of freedom via the effective three-body
force, Eq. (4), does not change the two-body spectrum. As a con-
sequence, the resonance energies of !1Be are not modified and the
two-body force can be adjusted so that it reproduces the physical
resonance energies. This is a clear advantage compared to other
approaches that account for core excitation [27-30].

At higher energies, the 27 state can be excited as a real degree
of freedom and this description using an effective three-body force
breaks down. We now study the impact of V3, on '1Be breakup
observables in the region E <3 MeV and their sensitivity to these
parameters.

3. Results

We look in particular at two observables measured at RIKEN
[6]. The first is the breakup cross section expressed as a func-
tion of the relative energy E between the '°Be core and the halo
neutron after dissociation, “the energy distribution”, see Fig. 2(a).
Because we focus on the excitation of 11Be resonant states during
the breakup, we also look at the angular distribution, in which the
breakup cross section is computed as a function of the scattering
angle 6 of the 19Be-n centre of mass within the energy range of
the %Jr resonance, 1.2 MeV < E < 1.4 MeV, see Fig. 2(b).

Fig. 2 illustrates the results of our first series of tests. So that we
can compare to the experimental data of Ref. [6] the theory curves
in the left panel have been folded with the experimental energy
resolution (a Gaussian with o = 0.191 MeV!/2\/E [6]); those in
the right panel were folded with the angular resolution (a Gaus-
sian with o = 0.48° [6]). In Fig. 2(b) we accounted for the finite
experimental energy resolution by normalising the result from the
angular folding to the integral of the energy distribution [Fig. 2(a)]
in the vicinity of the %Jr resonance. The red solid line represents
the theoretical cross sections obtained without three-body force, as
found in Ref. [11]. Although the description of 1'Be includes res-
onant states in both the ds;; and ds3;; waves, their effect in the
calculation is far less than the peaks seen in the data at these
resonance energies. The ds;; resonance leads to only half of the

1 We divide the force by these regulator scales (RJ')? and (R$M? so that
V3P (RET, RS™) has dimensions of energy.

required strength to reproduce the data in the region of the %+
state, and the effect of the d3/; resonance is barely visible after
folding. This result is unaffected by the value of rg that is cho-
sen, i.e., it seems independent of the off-shell behaviour of V.
We concluded that our simple three-body model of the reaction
lacked some significant degrees of freedom. According to the work
of Moro and Lay [31], one possibility is the excitation of the °Be
core to its 21 excited state.

The Love and Satchler approach to including such core-polariza-
tion effects yields a term to be added to the bare two-body inter-
actions whose form is very similar to Eq. (4). But it also says that
the three-body force’s strength and range can be computed by tak-
ing the derivative of the two-body forces V.1 and V., with respect
to their ranges in the R.r and r coordinates. The corresponding
results are displayed in Fig. 2 as the black dash-dotted lines. Al-
though the agreement with the data at energies E > 2 MeV is very
good, this correction over-predicts the strength of the three-body
force by a factor of five in the region of the %+ resonance. Love
and Satchler’s force thus has the correct general form, but does
not provide the right magnitude. This is not surprising for a near-
dripline nucleus like '"Be. In particular the mean-field approach
assumed for the interaction between the valence nucleon and the
core is not valid for !'Be, which exhibits a well-known shell in-
version between its ground and first excited states. Moreover, the
strength of V., varies strongly with its range ro (see, e.g., Tables I
and II of Ref. [11]). The estimate of the derivative of that two-body
force to calculate the strength ng is therefore marred with uncer-
tainty.

Our EFT approach is similar to that of Refs. [19,20], since our
three-body force exhibits the same form as the induced interaction
derived in that work. However, there are important differences too.
From the EFT perspective, core polarization is only one among sev-
eral effects that can induce three-body forces. Therefore we believe
that a better strategy than predicting the strength of the !0Be-
neutron-'2C three-body force is to fit that strength to data. We
therefore add the three-body potential (4) to our model and run a
series of DEA calculations that probe the parameter space of that
force. The results of these tests are illustrated in Figs. 2 and 3.

A first natural choice is to assume RBT =3.5 fm and RY" =

V2rg = 1.7 fm, which are the ranges of V.r and V,, respec-
tively. The choice ng = —100 MeV then leads to good agreement

with the data in the %Jr peak, see the green short-dashed line in
Fig. 2(a). This good result is confirmed in the angular distribution
shown in Fig. 2(b): the general shape of the experimental cross
section is very well reproduced at nearly all angles.

The expression (4) involves a quadrupole excitation and there-
fore at first order it can take !'Be from its ground s; )2 state
to a d wave in the continuum. Dynamical effects, such as cou-
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Fig. 3. Influence of the range of the three-body force (4) in the c-n relative coordinate R{" in the breakup of 1Be on '2C at 67 MeV/nucleon. (a) Energy distribution; (b)

5

angular distribution for the breakup at energies around the §+ resonance. The range RgT is kept to its 3.5 fm optimum. Experimental data from Ref. [6].

plings within the continuum, could mean that the three-body force
also indirectly increases the breakup contribution of other partial
waves. However, our calculations show this is not the case: not
only is the increase in the breakup strength limited to the d waves,
but it affects only the energy range of the d resonances.

The effect of the three-body force in the %+ peak is only
marginal. The breakup cross section in that region actually de-
creases slightly compared to the energy distribution obtained
without a three-body force. For this natural choice of ranges, we
have not found a way to sufficiently populate that resonance while

keeping the good agreement obtained for 1.2 MeV < E < 1.4 MeV.

Near the %+ peak, the resolution reaches the limits of an effective

three-body force description of the 2% excitation of the core. This
is in accord with the results of Ref. [31], which found it necessary
to include a configuration in which 1°Be is in its 2% excited state
in the Hilbert space of the model in order to reproduce the data
around E =3 MeV.

To test the sensitivity of our model to the values of RgT and
R§", we explore those parameters of the model space. First we
vary the c-T range in Eq. (4). Too small an RBT, such as 2 fm
shown in Fig. 2 (blue dotted lines) leads to nearly unnoticeable ef-
fects at all energies and all angles, despite a significant magnitude
(V3> = —500 MeV). Similar results are obtained with RS =1 fm.
When the three-body-force range is this small it acts only within
the distance at which the interaction between the core and the
target is dominated by the absorption channel. The effect of any
additional real interaction then vanishes. For this three-body force
to have the desired effect it must have a range that exceeds, or
equals, that of the imaginary part of the c-T optical potential.

Choosing larger values of RBT also leads to unsatisfactory re-
sults. First, RgT > 3.5 fm contradicts the idea of EFT, because
it should correspond to the range of the short-distance physics
neglected in the problem. Second, it produces deleterious phe-
nomenological consequences too: calculations performed with
RST =6 fm (and ng = —100 MeV) are shown in magenta long-
dashed lines in Fig. 2. This V3;, still produces good agreement
with the experimental energy distribution in the %+ resonance.
However, in the angular distribution, that agreement is reduced
compared to RBT =3.5 fm: the theoretical cross section does not
exhibit the proper angular dependence at forward angle and it
decays too rapidly with the scattering angle, leading to a clear
underestimation of the data at larger angle. Both these problems
worsen when that range is extended to 8 or 10 fm.

Summarizing the story so far: a well-tailored three-body po-
tential can provide the strength in the %Jr resonance that was
missing from the earlier Halo EFT + DEA calculation with two-body
potentials alone. The range RBT should be chosen close to its “nat-
ural” value, i.e. the range of the optical potential V.r. As long as

3 fm < RBT <5 fm the magnitude of V3, can be chosen to repro-
duce the energy distribution up to about 1.5 MeV and the angular
distribution integrated over 1.2 MeV < E < 1.4 MeV.

Up to now, R§" has been kept to 1.7 fm, fixed by the range rp
of V. In this second step of our analysis, it is varied while RgT is
maintained to its optimal value 3.5 fm

The results are shown in Fig. 3 for (a) the breakup energy dis-
tribution and (b) the angular distribution for the breakup towards
the %+ resonance. The already discussed results without three-
body force and with the three-body force with RG" =1.7 fm are
shown as the red solid and green short-dashed lines. Exploring the
RE" model space to smaller distances produces interesting results.
Choosing, e.g., R{" =1 fm while keeping an attractive three-body

force (V3? = —1000 MeV), leads to a significant %+ peak and a

reduction of the breakup cross section in the region of the %Jr con-
tinuum state (magenta dotted lines). This suggests that simulating
the core excitation by a three-body force can also lead to the ex-
citation of the %+ resonance as a single-particle state—as long as
the c-n interaction range is chosen small enough.

To elucidate why the choice of the c-n interaction range has
such a profound impact on the action of the three-body force on
the cross section, we display in Fig. 4(a) the wave functions ob-
tained from the Halo EFT description of ''Be for the 1s1/2 ground-
state (thick black solid line), and for the ds,, (red solid line) and
ds /2 (black dash-dotted line) resonant states (the wave functions of
the resonant states are divided by ten for readability). Both reso-
nant wave functions exhibit similar features: at short distance they
present a bound-state like peak before starting to oscillate at larger
distances. However, these peaks appear on the opposite sides of
the node of the bound-state wave function located at r ~ 2 fm.
Whereas ugs;, peaks after the node, ug3/, exhibits its maximum
at lower radius.

This selectivity of the d states according to R§" becomes clear
from Fig. 4(b) where we plot the overlap of the radial wave func-
tions of the initial 1sq,, bound state and the final d resonant
state, multiplied by the r-dependence of an attractive three-body
force (4)

r\? 7<%>2
Igj(r) = —ug;(r) <R_8“> e \f0/ upg, , (). (5)
This integral would appear in a first-order description of the re-
action, and it explains the effect of the three-body force seen in
Figs. 2 and 3. With R" = 1.7 fm, V3 excites the 'Be projectile
at large r. The dominant part of Iy5,, (green dash-dotted line) is
located beyond 2 fm, and is negative. On the contrary, the ma-
jor contribution to Ig3,; (magenta long-dashed line) is located at
short distances, and is positive. While the former adds up to the
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effect of the (attractive) two-body forces, increasing the population
of the ds,; resonance, the latter opposes V.r and Vur, hence re-
ducing the breakup of 1'Be towards its d3 /2 resonance. Accordingly

v +
2" excitation is favoured over 3 excitation for R§" =1.7 fm [see

the green short-dashed lines in Figs. 2(a) and 3(a)]. Similar results
are obtained for R{" between 2 and 4 fm, provided ng is adjusted
appropriately.

When the c-n range of the three-body interaction is reduced to
RG" =1 fm, the influence of the large radii on Ij; is reduced to a
trickle: the major contribution comes now from r <2 fm. Here the
d3/2 wave function dominates [compare the blue dotted and or-
ange short-dashed lines in Fig. 4(b)]. This short-range contribution
is positive, so it opposes the breakup strength of the two-body
forces. However, because the breakup strength for the ds;; reso-
nance generated by V.7 and V7 is small, the large effect of the
three-body force observed here is sufficient to reproduce the ex-
perimental %Jr peak, see the magenta dotted line in Fig. 3(a). This
11Be resonant state is therefore mostly populated through the ex-
citation of the 1°Be core. At the ds /2 resonance, the contribution of
that three-body interaction cancels the effect of the two-body op-
tical potentials. This explains the decrease-increase in the ds;-d3 /2
peaks seen when comparing the magenta dotted and red solid
lines in Fig. 3(a). It also explains why the corresponding angular
distribution at the ds; resonance is overall suppressed, see the
panel (b) of that figure.

While the high energy of the %Jr resonance clearly stretches
an EFT description without explicit 2+ core excitation, this re-
sult suggests a way to excite both the %+ and %+ resonances
simultaneously with an effective three-body force: use a short-
range repulsive force (ng > 0). We note that since the effective
three-body force is not observable by itself and its strength ng
is resolution dependent, it is reasonable for ng to change from
negative to positive as R§" is decreased [32,25]. The results of a
calculation with R§" =1 fm and ng = 41000 MeV are displayed
in Fig. 3 as the orange long-dashed lines. Now both resonances
are excited and exhibit breakup strengths in qualitative agreement
with the data. This three-body interaction also provides an angular
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distribution at the ds;; resonance in excellent agreement with the
data. We have obtained similar results with R§" = 0.8 and 1.1 fm
so this result is not strongly sensitive to the choice of that pa-
rameter, as long as it is small. A singular effect is observed using
RG" =1.35 fm, see the blue dash-dotted curves in Fig. 3. At that
value, despite the presence of a significant three-body force in the
calculation ( ng = 1000 MeV), we do not observe any significant
change in the ds,; resonant breakup in either the energy or an-
gular distribution compared to the case without three-body force.
Now the two lobes of Iy5/, are close in magnitude but of opposite
sign, leading to a near-exact cancellation of the effect of V3.

4. Conclusion

The nuclear breakup of ''Be on 12C excites the 3"

3+
3 and 3
resonances [6]. This reaction therefore constitutes an ideal tool to
study these states above the one-neutron separation threshold [6,
17]. In a previous work [11], we examined in detail the influence
of the description of the projectile upon the reaction calculation,

coupling a Halo-EFT description of 1Be [10] to the DEA [12,13].

oy + + .
Describing the % and % resonances as, respectively, a ds;; and

d3,2 neutron interacting with a 10Be core in its O ground state is
not sufficient to reproduce the peaks observed in the experimental
cross section [11].

In this Letter, we have presented an extension of Ref. [11],
adding a three-body interaction between the !2C target, the 1°Be
core, and the halo neutron. This three-body force is tailored to sim-
ulate the effect of the virtual excitation of the 1°Be core to a 2%
state during the reaction. When the range of the three-body force
in the core-target coordinate is of the order of that of the c-T
nuclear optical potential it is possible to find a realistic three-body-
force strength that reproduces the experimental breakup cross sec-

tion in the energy region of the 5+

3 resonant state without affect-
ing the good agreement with the data at E <3 MeV.

A similar idea was previously used by Love and Satchler to in-
clude core polarization effects in proton scattering from deformed
nuclei [19,20]. They also gave a prescription to derive the strength
of the force from the relevant optical potentials, and from the
deformation of 9Be. However, applied to the nuclear breakup of
1Be this prescription overestimates the strength of the three-body
force by roughly a factor of five. This observation clearly demon-
strates the power of the EFT framework. The three-body force is
not merely an efficient way to include the physics of a particular
model, but allows to capture all the different physics mechanisms
that can contribute to such a three-body force in a systematic way.
In particular, it is able to accommodate the effects of the shell-
inversion in 'Be.

More recently, Moro and Lay found that explicitly including
the 21 excited state of 1°Be in the projectile description enables
satisfactory reproduction of the experimental breakup cross sec-
tion [31]. In our complementary approach, we incorporate the core
excitation in the effective operators that encode the reaction mech-
anism. This ability to include virtual excitations in either operators
or wave functions can be formalised through the use of unitary
transformations [33,34] and suggests that it is difficult to gain
model-independent insight into the structure of these resonancej
3

from reactions on a '2C target. This is particularly true for the 5

resonance, which exists close to the 1°Be(21)-n threshold. For this
1Be state a description that includes only virtual first-order exci-
tation of the 2% state may not be valid.

Tuning the range of the three-body interaction in the c-n co-
ordinate results in the excitation of the %+, the %+, or both,
resonances. This selectivity can be traced back to the radial de-
pendence of the overlap wave functions of the single-particle de-

scription of the states. It highlights the fact that, in the region
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E > 3 MeV, the resolution in the reaction reaches the limits of an
EFT description without an explicit 2% degree of freedom, because
details of the EFT’s implementation can be resolved.

The results produced here confirm that Halo EFT [10] is an effi-
cient and flexible tool for reactions involving halo nuclei [11,14-
16,35]. In EFT the appearance of three-body forces is essential,
since they account for the impact of missing degrees of freedom
on observables [25]. In the case of 'Be, the reaction observables
for which Halo EFT is accurate can be extended by using an EFT
three-body force to account for the 2% excitation of the 1°Be core.
This enables us to explore the effect of virtual core excitation on
breakup cross sections without resorting to a numerically expen-
sive description of the projectile. An obvious next step is to con-
strain this three-body interaction from structure or reaction inputs
other than the ones we are trying to describe, or use it to describe
other reactions as we have done in Refs. [11,14-16] for Halo EFT, in
order to fully exploit the universality of the low-energy constants
of the EFT. In the longer term a Halo EFT description of the pro-
jectile that explicitly includes the excitation of the core, similar to
that of Ref. [31], would be an asset, as it would presumably extend
the phenomenological reach of the calculation and shed further
light on the structure of resonances in the !'Be system, especially
its %Jr state.
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