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Introduction
Halo nuclei are exotic nuclei
with large matter radius :
seen as a compact core

+ one or two loosely bound neutrons

Ex. : 11Be ≡ 10Be + n, 6He ≡ 4He + n + n
⇒ challenging for nuclear-structure models
Recently 11Be has been computed ab initio by Calci et al.

[PRL 117, 242501 (2016)]
How can we test their prediction ?
τ1/2(11Be)= 13 s⇒ studied by reactions like breakup
Breakup 11Be→10Be + n has been measured on Pb and C

70AMeV @ RIKEN [Fukuda et al. PRC 70, 054606 (2004)]

520AMeV @ GSI [Palit et al. PRC 68, 054606 (2003)]

Using ab initio wave function in reaction calculation is too heavy
⇒ we use a Halo-EFT description of 11Be fitting the ab initio outputs
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Reaction model

Framework
Projectile (P) modelled as a two-body nucleus :
core (c)+loosely bound neutron (n) described by

H0 = Tr + Vcn(r)

Vcn effective interaction
describes the c-n system
with ground state Φ0

Target T seen as structureless

c

n
P

T

R

r

Interaction with target simulated by optical potentials
⇒breakup reduces to three-body scattering problem :

[TR + H0 + VcT + VnT ] Ψ(r, R) = ET Ψ(r, R)

with initial condition Ψ(r, R) −→
Z→−∞

eiKZΦ0(r)
We use the Dynamical Eikonal Approximation (DEA)

[Baye, P. C., Goldstein, PRL 95, 082502 (2005)]
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Halo-EFT description of 11Be

Ab initio description of 11Be
Calci et al. ’s NCSMC calculation of 11Be [PRL 117, 242501 (2016)]

bound-state splitting, but below Λ3N ¼ 400 MeV the influ-
ence of the 3N interaction is too strongly reduced such that
the spectra approach the pureNN result. On the contrary, the
converged spectrumwith the simultaneously fittedNN þ 3N
interaction, named N2LOSAT [29], successfully achieves the
parity inversions between the 3=2−1 and 5=2

þ resonances and,
albeit marginally, for the bound states. The low-lying spec-
trum is significantly improved and agrees well with the
experiment, presumably due to the more accurate description
of long-range properties caused by the fit of the interaction
to radii of p-shell nuclei. On the other hand, the strongly
overestimated splitting between the 3=2−2 and 5=2− states
hints at deficiencies of this interaction, which might originate
from a too large splitting of the p1=2-p3=2 subshells.
In addition to the resonances observed in the experiment,

all theoretical spectra predict a low-lying 9=2þ resonance
suggested in Refs. [52,53]. For the N2LOSAT interaction,
the resonance energy is close to the one predicted by the
Gamow shell model [54], although our ab initio calcu-
lations predict a broader width. Another interesting prop-
erty is the position of the 3=2þ resonance that is strongly
influenced by the 2þ1 state of 10Be. For all theoretical
calculations the energies of these correlated states are
almost degenerate, while in the experiment the 2þ1 state
in 10Be is about 470 keVabove the tentative 3=2þ state and
coincides with the 3=2−2 and 5=2− resonances.
Nuclear structure and reaction properties.—Except for

the two bound states, all the energy levels of Fig. 3
correspond to nþ 10Be scattering states. The corresponding
phase shifts obtained with the N2LOSAT interaction are
presented in Fig. 3 (see Supplemental Material for further
details [46]). The overall proximity of the Nmax ¼ 7 and 9
results confirms the good convergence with respect to the
model space. The states observed in 11Be are typically
dominated by a single nþ 10Be partial wave, but the
illustrated eigenphase shifts of the 3=2þ state consist of a
superposition of the 4S3=2 and 2D3=2 partialwaves. The parity
of this resonance is experimentally not uniquely extracted

[1], while all ab initio calculations concordantly predict it to
be positive. The bound-state energies aswell as the resonance
energies andwidths for different interactions and bothmany-
body approaches are summarized in Table I. In the case of the
NN þ 3Nð400Þ interaction, however, the fast 3=2þ phase
shift variation near the nþ 10Beð2þ1 Þ threshold does not
correspond to a pole of the scattering matrix, such that this
state is not a resonance in the conventional sense and a width
could not be extracted reliably. The theoretical widths tend to
overestimate the experimental value, but overall the agree-
ment is reasonable, especially for the N2LOSAT interaction.
Experimentally, only an upper bound could be determined
for the5=2− resonancewidth, and the theoretical calculations
predict an extremely narrow resonance.
Although the bulk properties of the spectrum are already

well described, accurate predictions of observables, such as
electric-dipole (E1) transitions, which probe the structure
of the nucleus, can be quite sensitive to the energies of
the involved states with respect to the threshold. Based on
our analysis, the discrepancies between the theoretical and
experimental energy spectra can be mostly attributed to
deficiencies in the nuclear force. Therefore, it can be
beneficial to loosen the first-principles paradigm to remedy
the insufficiencies in the nuclear force and provide accurate
predictions for complex observables using the structure

FIG. 2. NCSMC spectrum of 11Be with respect to the nþ 10Be threshold. Dashed black lines indicate the energies of the 10Be states.
Light boxes indicate resonance widths. Experimental energies are taken from Refs. [1,51].

FIG. 3. Thenþ 10Bephaseshiftsasafunctionofthekineticenergy
in the center-of-mass frame. NCSMC phase shifts for the N2LOSAT
interaction are compared for two model spaces indicated by Nmax.
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Halo-EFT description of 11Be

Halo-EFT description of 11Be
Halo EFT : clear separation of scales (in energy or in distance)
⇒ provides an expansion parameter (small scale / large scale)
along which the low-energy behaviour is expanded
Original idea : Bertulani, Hammer, Van Kolck, NPA 712, 37 (2002)
Review : Hammer, Ji, Phillips JPG 44, 103002 (2017)

Use narrow Gaussian potentials

Vl j(r) = V l j
0 e−

r2

2σ2 + V l j
2 r2e−

r2

2σ2

Fit V l j
0 and V l j

2 to reproduce εnl j, and Cnl j (@ NLO)

σ = 1.2, 1.5 or 2 fm is a parameter used to evaluate the sensitivity
of the calculations to this effective model

εnl j is known experimentally, but what about Cnl j ?
Fortunately, for 11Be, we’ve got the ab initio calculation of Calci et al.

[A. Calci et al. PRL 117, 242501 (2016)]



Halo-EFT description of 11Be
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Wave functions : same asymptotics but different interior
δs 1
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: all effective potentials are in good agreement with ab initio
up to 1.5 MeV (same effective-range expansion)

Similar results obtained for p1
2 (excited bound state)
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Breakup calculations of 11Be into 10Be+n RIKEN experiment 70AMeV

NLO analysis of 11Be+Pb→10Be+n+Pb @ 69AMeV

Total breakup cross section
and p contributions

σ = 2 fm

σ = 1.5 fm

σ = 1.2 fm

p1/2

p3/2

total

E (MeV)

d
σ
b
u
/d
E

(b
/M

eV
)

43210

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

Folded with experimental
resolution

Exp. (Θ < 6◦)

NLO uncertainty band

σ = 2 fm

σ = 1.5 fm

σ = 1.2 fm

E (MeV)
d
σ
b
u
/d
E

(b
/M

eV
)

43210

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

All calculations provide very similar results,
for all σ, despite difference in internal part of wave function
⇒ reaction is peripheral
Excellent agreement with data [Fukuda et al. PRC 70, 054606 (2004)]



Breakup calculations of 11Be into 10Be+n RIKEN experiment 70AMeV

NLO analysis of 11Be+C→10Be+n+C @ 67AMeV
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Exp. [Fukuda et al. PRC 70, 054606 (2004)]

All potentials produce very similar breakup cross sections
⇒ still peripheral (even if nuclear dominated)

[Nunes, P. C. PRC 75, 054609 (2007)]

Order of magnitude of experiment well reproduced
Breakup strength missing at the 5/2+ and 3/2+ resonances

⇒ for this observable, the continuum must be better described



Breakup calculations of 11Be into 10Be+n GSI experiment 520AMeV

NLO analysis of GSI data @ 520AMeV
Using the same NLO description of 11Be (σ = 1.2 fm)
and an eikonal description of reaction, with relativistic corrections
we compare our calculations to Palit et al. PRC 68, 054606 (2003)

Calculations by L. Moschini
11Be+Pb→10Be+n+Pb
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On Pb : Fair agreement with data, problem at low E ( ?)
On C : good order of magnitude (missing resonances)



Summary

Summary
We have coupled a Halo-EFT description of 11Be
with an accurate model of breakup
⇒ constrain the projectile description to ab initio outputs

I identify the most significant degrees of freedom (ANC, δl)
I and the missing ones (resonances in nuclear breakup)

Good agreement with data (RIKEN and GSI)
I validates the prediction of Calci et al.
I one description of 11Be can reproduce both data sets

What about dB(E1)/dE then ?
Halo-EFT
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Calci et al. PRL 117, 242501 (2016)

information of the ab initio approach. In the following, we
use a phenomenology-inspired approach indicated by
NCSMC-pheno that has been already applied in
Refs. [36,55]. In this approach, we adjust the 10Be and
11Be excitation energies of the NCSM eigenstates entering
expansion (1) to reproduce the experimental energies of the
first low-lying states. Note that the obtained NCSMC-
pheno energies are fitted to the experiment, while the
theoretical widths, quoted in Table I, are predictions.
An intuitive interpretation of the 11Be g.s. wave function

is provided in Fig. 4 by the overlap of the full solution for the
g.s. jΨJπT

ν i in (1) with the cluster portion jΦJπT
ν;r i given by

rhΦJπT
ν;r jAνjΨJπT

A i. A clearly extended halo structure beyond
20 fm can be identified for the S wave of the 10Beð0þÞ þ n
relative motion. The phenomenological energy adjustment
only slightly influences the asymptotic behavior of the S
wave, as seen by comparing the solid and dashed black
curves, while other partial waves are even indistinguishable
on the plot resolution. The corresponding spectroscopic
factors for the NCSMC-pheno approach, obtained by
integrating the squared cluster form factors in Fig. 4, are
S ¼ 0.90 (S wave) and S ¼ 0.16 (D wave). The S-wave
asymptotic normalization coefficient is 0.786 fm−1=2.

The BðE1Þ transitions are summarized in Table II.
Calculations without continuum effects predict the wrong
g.s. and underestimate the E1 strength by several orders
of magnitude. For the NCSMC calculations with the
NN þ 3Nð400Þ interaction, the 1=2þ state is very weakly
bound, leading to an unrealistic E1 transition. The
N2LOSAT interaction successfully reproduces the strong
E1 transition, albeit the latest measurement [6] is slightly
overestimated, even after the phenomenological energy
adjustment. There might be small effects arising from a
formally necessary SRG evolution of the transition oper-
ator. Works along these lines for 4He suggest a slight
reduction of the dipole strength [56,57]. A similar effect
would bring the calculated E1 transition in better agree-
ment with the experiment [6].
Finally, we study the photodisintegration of the 11Be g.s.

into nþ 10Be in Fig. 5. This is proportional to dipole
strength distribution dBðE1Þ=dE. In all approaches, a peak
of nonresonant nature (see Fig. 3) is present at about
800 keV above the nþ 10Be threshold, particularly pro-
nounced in the 3=2− partial wave. The strong peak for
the NCSMC with the N2LOSAT interaction is caused by
the slightly extended S-wave tail in Fig. 4 and hence the
underestimated binding energy of the 1=2þ state. The
theoretical predictions are compared to indirect measure-
ments of the photodissociation process extracted from the
scattering experiments of 11Be on lead [58–60] and carbon

TABLE I. Excitation spectrum of 11Be with respect to the
nþ 10Be threshold. Energies and widths are in MeV. The
calculations are carried out at Nmax ¼ 9.

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

Jπ E Γ E Γ E Γ E Γ
1=2þ −0.001 � � � −0.40 � � � −0.50 � � � −0.50 � � �
1=2− −0.27 � � � −0.35 � � � −0.18 � � � −0.18 � � �
5=2þ 3.03 0.44 1.47 0.12 1.31 0.10 1.28 0.1
3=2−1 2.34 0.35 2.14 0.21 2.15 0.19 2.15 0.21
3=2þ 3.48 � � � 2.90 0.014 2.92 0.06 2.898 0.122
5=2− 3.43 0.001 2.25 0.0001 3.30 0.0002 3.3874 <0.008
3=2−2 5.52 0.20 6.62 0.29 5.72 0.19 3.45 0.01
9=2þ 7.44 2.30 5.42 0.80 5.59 0.62 � � � � � �

FIG. 4. Comparison of the cluster form factors with the
N2LOSAT interaction at Nmax ¼ 9. Note the coupling between
the 10Be target and neutron in the cluster state jΦJπT

ν;r i ∼
½ðj10Be∶Iπ11 T1ijn∶1=2þ1=2iÞsTYlðr̂Þ�JπT .

TABLE II. Reduced transition probability BðE1∶1=2−→1=2þ)
between 11Be bound states in e2 fm2.

NCSM NCSMC NCSMC-pheno Experiment

NN þ 3Nð400Þ 0.0005 � � � 0.146
0.102(2) [6]

N2LOSAT 0.0005 0.127 0.117

FIG. 5. Dipole strength distribution dBðE1Þ=dE of the photo-
disintegration process as a function of the photon energy. Theo-
retical dipole strength distributions for two chiral interactions with
(solid line) and without (dashed line) the phenomenological energy
adjustment are compared to the experimental measurements at GSI
[58,61] (black dots) and RIKEN [58–60] (violet dots).
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