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First observation of 28 O

  L'archive ouverte pluridisciplinaire

Subjecting a physical system to extreme conditions is one of the means often employed to obtain a better understanding and deeper insight into its organization and structure. In the case of the atomic nucleus, one such approach is to investigate isotopes that have very different neutron-to-proton (N/Z) ratios than in stable nuclei. Light neutron-rich isotopes exhibit the most asymmetric N/Z ratios and those lying beyond the limits of binding, which undergo spontaneous neutron emission and exist only as very short-lived resonances (∼10 -21 seconds), provide the most stringent tests of modern nuclear structure theories. Here we report on the first observation of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O and [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O via their decay into [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O and four and three neutrons. The 28 O nucleus is of particular interest as, with 8 protons and 20 neutrons, it is expected in the standard shell model picture of nuclear structure to be one of a relatively small number of so-called "doubly-magic" nuclei. Both 27 O and [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O were found to exist as narrow low-lying resonances and their decay energies are compared here to the results of sophisticated theoretical modelling, including a large-scale shell model calculation and a newly developed statistical approach. In both cases, the underlying nuclear interactions were derived from effective field theories of quantum chromodynamics. Finally, it is shown that the cross section for the production of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O from a [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F beam is consistent with it not exhibiting a closed N = 20 shell structure.

One of the most active areas of present day nuclear physics is the investigation of rare isotopes with large N/Z imbalances. The structure of such nuclei provides for strong tests of our theories, including most recently, sophisticated ab initio type approaches whereby the underlying interactions between the constituent nucleons are constructed from first principles approaches (see, for example, ref. 1 ).

Owing to the strong nuclear force, nuclei remain bound to the addition of many more neutrons than protons and the most extremely N/Z asymmetries are found for light neutron-rich nuclei (Fig. 1a). Here, beyond the limits of nuclear binding -the so-called neutron dripline -nuclei can exist as very short-lived (∼ 10 -21 seconds) resonances, which decay by spontaneous neutron emission, with their energies and lifetimes dependent on the underlying structure of the system.

Experimentally, such nuclei can only be reached for the lightest systems (Fig. 1a), where the location of the neutron dripline has been established up to neon (Z = 10) 2 and the heaviest Importantly, the multi-neutron detection required the applica-143 tion of dedicated off-line analysis procedures in order to reject 144 crosstalk (see Methods) -that is, events in which a neutron is 145 scattered between and registered in two or more scintillators.

146

In the analysis, the decay neutrons were denoted n 1 , n 2 , 147 • • • by ascending order of the two-body relative energy E 0i 148 between [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O and n i -such that E 01 < E 02 < E 03 < E 04 149 (Fig. 2d). The [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O decay energy, E 01234 , reconstructed from 150 the measured momentum vectors of the five decay particles, 151 is shown in Fig. 2a. A narrow peak is clearly observed at 152 ∼0.5 MeV and may be assigned to be the [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O ground state.

153

As a small fraction of crosstalk events could not be elimi-154 nated by the rejection procedures care must be taken to under-155 stand their contribution to the E 01234 spectrum. In particular, 156 [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n events, in which one of the neutrons creates crosstalk 157 and is not identified as such in the analysis can mimic true 158 [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O decay. In this context, in order to provide a complete and 159 consistent description of all the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+xn decay energy spec-160 tra, a full Monte-Carlo simulation was constructed (see Meth-161 ods). As shown in Fig. 2a the contribution from the residual 162 cross talk events is found to be rather limited in magnitude in 163 the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+4n decay energy spectrum and, moreover, produces 164 a very broad distribution .

165

The decay of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O was investigated by examining the corre-166 lations in the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O plus neutrons subsystems (see Methods). In 167 particular, the three-body ( [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+n 1 +n 2 ) partial decay energy 168 E 012 (Extended Data Fig. 2a) was reconstructed from the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O 169 + 4n data set. The corresponding spectrum exhibits a sharp 170 threshold peak arising from [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O gs , which is known to have 171 a decay energy of only 18(5) keV [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] . This observation clearly 172 indicates that [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O sequentially decays through [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O gs as shown 173 by the arrows A and B in Fig. 2e.

174

We have also observed, in the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n channel, a [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O reso-175 nance for the first time, as may be seen in the four-body decay quentially via [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O gs as shown by the arrows B and C in Fig. 2e 188 from the analysis of the partial decay energies (Extended Data 189 Figs. 2c andd).

190

The decay energies of the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O resonances were derived 191 from a fit of the E 0123 spectrum with the condition that the par-192 tial decay energy satisfies E 012 < 0.08 MeV (Fig. 2c) -that 193 is, decay via the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground-state was selected so as to mini- The experimental ground-state energies of the oxygen iso-232 topes [START_REF] Lunderberg | Evidence for the Ground-State Resonance of 26 O[END_REF][START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF][START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O are summarized in Fig. 3 and compared to 233 theoretical calculations based on chiral effective field theory

234

( χEFT) [START_REF] Tsunoda | Exotic neutron-rich medium-mass nuclei with realistic nuclear forces[END_REF][START_REF] Tsunoda | The impact of nuclear shape on the emergence of the neutron dripline[END_REF][START_REF] Stroberg | Ab Initio 478 Limits of Atomic Nuclei[END_REF][START_REF] Somà | 480 Novel chiral Hamiltonian and observables in light and medium-481 mass nuclei[END_REF][START_REF] Hagen | Emergent properties of nuclei from ab initio coupled-cluster cal-484 culations[END_REF][START_REF] Bogner | Nonperturbative Shell-Model Interactions 486 from the In-Medium Similarity Renormalization Group[END_REF] and large-scale shell model calculations 9,34 235 including those with continuum effects [START_REF] Volya | Continuum shell model[END_REF][START_REF] Fossez | Contin-475 uum effects in neutron-drip-line oxygen isotopes[END_REF] . We focus 236 on large-scale shell-model and coupled-cluster calculations,

237

where the latter is augmented with a novel statistical method.

238

Both techniques include explicitly three-nucleon forces which 239 are known to play a key role in describing the structure of 240 neutron-rich nuclei, including the oxygen isotopes and the lo-241 cation of the Z = 8 neutron dripline at 24 O (refs. [START_REF] Otsuka | 489 Three-Body Forces and the Limit of Oxygen Isotopes[END_REF][START_REF] Hagen | Continuum Effects and Three-Nucleon Forces in 493 Neutron-Rich Oxygen Isotopes[END_REF][START_REF] Holt | Chiral three-nucleon 496 forces and bound excited states in neutron-rich oxygen isotopes. 497[END_REF] ).

242

The large-scale shell model calculations were undertaken and the appreciable occupancy of the neutron 2p 3/2 orbital 3,18 .

251

The EEdf3 interaction, which includes the effects of the EFT 252 three-nucleon forces [START_REF] Hebeler | Improved nuclear matter calculations from chiral 500 low-momentum interactions[END_REF] , provides a reasonable description of 253 the trends in the masses of the oxygen isotopes. However, as 254 may be seen in Fig. 3 it predicts somewhat higher [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+4n events. The red-solid histogram shows the best-fit result taking into account the experimental response function. The dotted histogram shows the contribution arising from residual crosstalk that survives the rejection procedures (see Methods). b) Four-body decay energy (E 0123 ) spectrum for [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n events. c) Same as b, but gated by the partial decay energy E 012 < 0.08 MeV. The red-dashed histograms represent the contributions from [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O and [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O events, and the red-solid histogram shows the sum. d) Definition of the partial decay energies. e) Decay scheme of the unbound oxygen isotopes. The newly observed resonances and their decays are shown in red. coupled-cluster (CC) method guided by history matching 265 (HM) [START_REF] Vernon | Galaxy formation: 502 a Bayesian uncertainty analysis[END_REF][START_REF] Vernon | Galaxy Formation: 505 Bayesian History Matching for the Observable Universe[END_REF][START_REF] Vernon | Bayesian uncertainty analysis for complex 508 systems biology models: emulation, global parameter searches 509 and evaluation of gene functions[END_REF] to explore the parameter space of the 17 low-266 energy constants (LECs) in the χEFT description of the two- Ground-state energy relative to Fig. 3 | Ground-state energies with respect to [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O. Experiment is shown by the filled circles where the values for [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O are the present results and those for [START_REF] Lunderberg | Evidence for the Ground-State Resonance of 26 O[END_REF][START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O are taken from the atomic mass evaluation [START_REF] Wang | The AME 2020 atomic mass evaluation (II). Tables, graphs and references[END_REF] . The experimental uncertainties are smaller than the symbol size. Comparison is made with predictions of shell-model calculations employing the EEdf3 [START_REF] Tsunoda | Exotic neutron-rich medium-mass nuclei with realistic nuclear forces[END_REF][START_REF] Tsunoda | The impact of nuclear shape on the emergence of the neutron dripline[END_REF] , USDB [START_REF] Brown | USD" Hamiltonians for the sd shell[END_REF] and SDPF-M [START_REF] Utsuno | Varying shell 470 gap and deformation in N ∼ 20 unstable nuclei studied by the 471 Monte Carlo shell model[END_REF] (see text for [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O) interactions, the coupled-cluster method with the statistical approach (CC) and shell-model calculations incorporating continuum effects (CSM [START_REF] Volya | Continuum shell model[END_REF] and GSM [START_REF] Fossez | Contin-475 uum effects in neutron-drip-line oxygen isotopes[END_REF] ). Also shown are the predictions of ab initio approaches (VS-IMSRG [START_REF] Stroberg | Ab Initio 478 Limits of Atomic Nuclei[END_REF] , SCGF [START_REF] Somà | 480 Novel chiral Hamiltonian and observables in light and medium-481 mass nuclei[END_REF] , and Λ-CCSD(T) [START_REF] Hagen | Emergent properties of nuclei from ab initio coupled-cluster cal-484 culations[END_REF] ). The vertical bars for CC denote 68% credible intervals. The shaded band for GSM shows the uncertainties owing to p f -continuum couplings.

We now turn to the question of whether the N = 20 shell 314 closure occurs in [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O. Specifically, the measured cross sec-315 tion for single-proton removal from [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F may be used to de-316 duce the corresponding spectroscopic factor (C 2 S) -a mea-317 sure of the degree of overlap between initial and final state 318 wave functions. As noted in the Introduction, the N = 20 319 shell closure disappears in [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F and the ground state is dom-320 inated by neutron p f -shell configurations 3, [START_REF] Gaudefroy | Direct Mass Measurements of 19 B, 22 C, 29 F, 31 Ne, 34 Na and Other Light Exotic Nuclei[END_REF][START_REF] Doornenbal | Low-Z shore of the "island of inversion" and the reduced neutron magicity toward 28 O[END_REF][START_REF] Bagchi | Two-Neutron Halo is Unveiled in 29 F[END_REF] . As such, 321 if the neutron configuration of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O is very similar to [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F 322 and the Z = 8 shell closure is rigid, the spectroscopic fac-323 tor for proton removal will be close to unity. The spectro-324 scopic factor was deduced using the distorted-wave impulse 325 approximation (DWIA) approach (see Methods). As recent 326 theoretical calculations predict J π = 5/2 + or 1/2 + for 29 F gs 327 (see, for example, refs. 3,[START_REF] Tsunoda | Exotic neutron-rich medium-mass nuclei with realistic nuclear forces[END_REF][START_REF] Tsunoda | The impact of nuclear shape on the emergence of the neutron dripline[END_REF][START_REF] Utsuno | Shape transitions in exotic Si and S isotopes 514 and tensor-force-driven Jahn-Teller effect[END_REF][START_REF] Caurier | Merging of the islands 517 of inversion at N = 20 and N = 28[END_REF][START_REF] Fossez | Density matrix renormalization group 520 description of the island of inversion isotopes 28-33 F[END_REF] ), the momentum distribu-328 tion has been investigated (Extended Data Fig. 4) and was 329 found to be consistent with proton removal from the 1d 5/2 330 orbital (see Methods), leading to a 5/2 + assignment. The ra-331 tio of the measured to theoretical single-particle cross section 332 provides for an experimentally deduced spectroscopic fac-333 tor of C 2 S=0.48 We have reported here on the first observation of the 366 extremely neutron-rich oxygen isotopes [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O. Both nuclei observed in the [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F beam data (Fig. 2c).

560

Invariant-mass method The invariant mass of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

( E i ) 2 -( p i ) 2
, where E i and p i denote the total energy neutron crosstalk events [START_REF] Nakamura | Large acceptance spectrometers for 1067 invariant mass spectroscopy of exotic nuclei and future develop-1068 ments[END_REF][START_REF] Kondo | Recent progress and devel-1071 opments for experimental studies with the SAMURAI spectrom-1072 eter[END_REF] . The generated events treated us-

582

ing the same analysis procedure as for the experimental data.

583

The overall efficiency as a function of decay energy for detect-584 ing [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O and 3 and 4 neutrons, as estimated by the simulations, the decays of both [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O and [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O proceed via the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground 593 state (18 keV 27 ), the width of which is very small, the ob-594 served widths will be dominated by the one-and two-neutron 595 decay, respectively, to [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O. We assume an E 2 01234 dependence 596 of the width for the 2n emission [START_REF] Grigorenko | Two-neutron radioactivity and four-nucleon emission from 1076 exotic nuclei[END_REF] to [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O in the case of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O 597 and an energy dependence for the width of the single-neutron 598 emission 60 from [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O to [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O. Fits with orbital angular momen-599 tum (L) dependent widths (L = 2 and 3) for the latter gave 600 consistent results within the statistical uncertainties.

601

A non-resonant component is not included in the fitting as 602 it is small, if not negligible, as in the cases of [START_REF] Lunderberg | Evidence for the Ground-State Resonance of 26 O[END_REF][START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O produced 603 in one-proton removal reactions in previous experiments [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF][START_REF] Lunderberg | Evidence for the Ground-State Resonance of 26 O[END_REF][START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF][START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] .

604

The 

622

In the case of the 4 neutron detection to identify [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O only 623 some 16% of the events arise from crosstalk which could not 624 be eliminated (Fig. 2a). The vast majority of these resid- to reproduce both of these spectra. We thus conclude that the 654 [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O ground state sequentially decays via the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state 655 as depicted in Fig. 2e.

In a similar vein the sequential decay of [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O through the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state was identified from the analysis of the partial decay energies for the 24 O+3n coincidence events. Extended Data Figs. 2c andd show the distributions of the partial decay energies E 012 and E 03 for events for which 1.0 < E 0123 <

1.2 MeV. The E 012 spectrum exhibits a strong enhancement at zero energy indicative of sequential decay through the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state. This interpretation is confirmed by the comparison shown with a simulation for the sequential decay of [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O including the contribution from the decay of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O.

Widths of the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O resonances As the energy of the [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O resonance is lower than those of [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O and 25 O (Fig. 2e), both one-and three-neutron emission are energetically forbidden.

The two-neutron decay to the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state and the fourneutron decay to [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O are allowed with nearly equal decay energies. The former decay should be favoured as the effective few-body centrifugal barrier increases according to the number of emitted particles [START_REF] Grigorenko | Two-neutron radioactivity and four-nucleon emission from 1076 exotic nuclei[END_REF] . It may be noted that the upper limit of 0.7 MeV observed here for the [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O resonance width is consistent with the theoretical estimates for its sequential decay [START_REF] Grigorenko | Two-neutron radioactivity and four-nucleon emission from 1076 exotic nuclei[END_REF] .

The upper limit for the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O width (0.18 MeV) may be compared to the single-particle widths [START_REF] Dover | The single-1080 particle limit for partial widths[END_REF] for neutron decay. Since the width of [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O is very narrow due to the extremely small decay energy (18 keV 27 ), the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O width should be dominated by the one for the first step 27 O→ [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O+n. The widths for s, p, d, f -wave neutron emission are 5, 3, 0.8, 0.06 MeV. Assuming that the corresponding spectroscopic factors are not small ( 0.1), this would suggest that the decay occurs via dor f -wave neutron emission. As such, the spin and parity of the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O resonance may be tentatively assigned to be 3/2 + or 7/2 -.

Momentum distribution Extended Data Fig. 4 shows the transverse momentum (P x ) distribution of the 24 O+3n system in the rest frame of the [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F beam for events gated by E 012 < 0.08 MeV and E 0123 <0.8 MeV -that is, events corresponding to population of the 28 O ground state. We note that this analysis employed the 24 O+3n events as the limited [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+4n statistics could not be usefully exploited in distinguishing between the momentum distributions for the proton EEdf3 calculations The EEdf3 Hamiltonian 32 is a variant 717 of the EEdf1 Hamiltonian, which was used in ref. [START_REF] Tsunoda | The impact of nuclear shape on the emergence of the neutron dripline[END_REF] for de-718 scribing F, Ne, Na, and Mg isotopes up to neutron dripline [START_REF] Tsunoda | Exotic neutron-rich medium-mass nuclei with realistic nuclear forces[END_REF] .

719

The EEdf1 Hamiltonian was derived from chiral effective field 720 theory ( χEFT) interaction, as described below. The χEFT interaction proposed by Entem and Machleidt [START_REF] Machleidt | Chiral effective field theory and nu-1083 clear forces[END_REF][START_REF] Entem | Accurate charge-dependent 1085 nucleon-nucleon potential at fourth order of chiral perturbation 1086 theory[END_REF] was taken 722 with Λ = 500 MeV, as the nuclear force in vacuum, up to the 723 next-to-next-to-next-to-leading-order (N 3 LO) in the χEFT. It 724 was then renormalized using the V l ow-k approach [START_REF] Bogner | Low momentum nucleon-nucleon potential and shell model 1089 effective interactions[END_REF][START_REF] Nogga | Low-momentum inter-1091 action in few-nucleon systems[END_REF] with 725 a cutoff of Λ V l o w-k = 2.0 fm -1 , in order to obtain a low-726 momentum interaction decoupled from high-momentum phe-727 nomena. The EKK method [START_REF] Takayanagi | Effective interaction in non-degenerate model 1093 space[END_REF][START_REF] Takayanagi | Effective Hamiltonian in the extended 1095 Krenciglowa-Kuo method[END_REF][START_REF] Tsunoda | Multi-shell effective interactions[END_REF] was then adopted in order to 

741

In the present study, we explicitly treat neutrons only, while 742 the protons remained confined to the [START_REF] Gaudefroy | Direct Mass Measurements of 19 B, 22 C, 29 F, 31 Ne, 34 Na and Other Light Exotic Nuclei[END_REF] O closed-shell core.

743

As such, there is no proton-neutron interaction between active 744 nucleons, and the neutron-neutron interaction is weaker. As 745 this increases the relative importance of the effects from 3NF,

746

we adopt the more modern 3NF of Hebeler et al. [START_REF] Hebeler | Improved nuclear matter calculations from chiral 500 low-momentum interactions[END_REF] 

H = T kin -T CoM + V N N + V N N N . (1) 
Here T kin is the kinetic energy, T CoM the kinetic energy of the 760 center-of-mass, and V N N + V N N N are nucleon-nucleon and 761 three-nucleon potentials from χEFT [START_REF] Machleidt | Chiral effective field theory and nu-1083 clear forces[END_REF][START_REF] Van Kolck | Few-nucleon forces from chiral Lagrangians[END_REF][START_REF] Epelbaum | Modern theory 1110 of nuclear forces[END_REF] and include Delta 762 isobars [START_REF] Jiang | Accurate bulk properties of nuclei from A = 2 1112 to ∞ from potentials with ∆ isobars[END_REF] . The momentum space cutoff of this interaction is 763 Λ = 394 MeV/c.

764

We used the coupled-cluster method [START_REF] Coester | Bound states of a many-particle system[END_REF][START_REF] Coester | Short-range correlations in nuclear 1117 wave functions[END_REF][START_REF] Kümmel | Many-1119 fermion theory in expS-(or coupled cluster) form[END_REF][START_REF] Mihaila | Microscopic Calculation of the 1122 Inclusive Electron Scattering Structure Function in 16[END_REF][START_REF] Dean | Coupled-cluster approach to 1125 nuclear physics[END_REF][START_REF] Bartlett | Coupled-cluster theory in quantum 1127 chemistry[END_REF][START_REF] Hagen | Coupled-cluster computations of atomic nuclei[END_REF] with singles-765 doubles and perturbative triples excitations, known as the 766 CCSDT-3 approximation [START_REF] Noga | Towards a full CCSDT 1132 model for electron correlation[END_REF][START_REF] Watts | Iterative and non-iterative triple ex-1135 citation corrections in coupled-cluster methods for excited elec-1136 tronic states: the EOM-CCSDT-3 and EOM-CCSD( T) methods[END_REF] , to compute the ground-state 767 energy of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O, and the particle-removed equation-of-motion 768 (EOM) coupled-cluster method from refs. [START_REF] Gour | Coupled-cluster calculations for valence systems around 1140 16[END_REF] , [START_REF] Morris | Structure of the Lightest Tin Isotopes[END_REF] for the ground- The low-energy constants (LECs) of this interaction are constrained by a history matching approach employing highprecision emulators enabled by eigenvector continuation [START_REF] Frame | Eigenvector Continuation with Subspace Learn-1144 ing[END_REF] .

These tools mimic the results of actual coupled-cluster computations, but are several orders of magnitude faster to evaluate, hence facilitating comprehensive exploration of the relevant parameter space. The emulators work as follows. In the 17-dimensional space of LECs, the parameterization of the ∆NNLO GO (394) potential [START_REF] Jiang | Accurate bulk properties of nuclei from A = 2 1112 to ∞ from potentials with ∆ isobars[END_REF] serves as a starting point around which we select emulator training points according to a space-filling lattice hypercube design for which we perform coupled-cluster computations of ground-state energies, radii, and excited states of [START_REF] Gaudefroy | Direct Mass Measurements of 19 B, 22 C, 29 F, 31 Ne, 34 Na and Other Light Exotic Nuclei[END_REF][START_REF] Kanungo | One-Neutron Removal Measurement Reveals 24 O as a New Doubly Magic Nucleus[END_REF][START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O (see Extended Data Table 1 for details). Keeping track of the variations of the observables and the corresponding coupled-cluster eigenstates as the lowenergy constants are varied, allows us to construct an emulator that can be used to predict the results for novel parameterizations. This emulator strategy is rather general [START_REF] König | Eigenvector continuation as an efficient and accurate emulator for uncertainty quantification[END_REF] and possible because the eigenvector trajectory generated by continuous changes of the low-energy constants only explores a relatively small subspace of Hilbert space. Eigenvector continuation emulation tailored to coupled-cluster eigenstates is referred to as the subspace-projected coupled-cluster (SP-CC) method. In this work, we extended the SP-CC method of ref. [START_REF] Ekström | Global Sensitivity Analysis of Bulk Properties of an Atomic Nucleus[END_REF] deeper analysis of the coupled-cluster method, that was previously infeasible due to the substantial computational expense of the coupled-cluster calculations. Hence, these techniques overcome a major barrier to the use of such coupled-cluster methods.

Coupled-cluster calculations: Linking models to reality

We describe the relationship between experimental observations, z, and ab inito model predictions M (θ), where θ denotes the parameter vector of the theoretical model, as

z = M (θ) + method + model + exp . (2) 
In this relation, we consider experimental uncertainties, exp , as well as method approximation errors method . The latter represent, e.g., model-space truncations and other approximations in the ab initio many-body solvers and are estimated from method convergence studies [START_REF] Jiang | Accurate bulk properties of nuclei from A = 2 1112 to ∞ from potentials with ∆ isobars[END_REF] . Most importantly, we acknowledge the fact that even if we were to evaluate the model M (θ) at its best possible choice of the parameter vector, θ * , the model output, M (θ * ), would still not be in exact quantitative agreement with reality due to, e.g., simplifications and approximations inherent to the model. We describe this difference in terms of a model discrepancy term, model . The expected EFT-convergence pattern of our model 837 allows us to specify further probabilistic attributes of model 838 a priori [START_REF] Wesolowski | Bayesian parameter estimation for effective field theories[END_REF][START_REF] Melendez | Bayesian truncation errors in chiral effective field theory: nucleon-nucleon observables[END_REF][START_REF] Wesolowski | Exploring Bayesian parameter estimation for chiral effective field theory using nucleon-nucleon phase shifts[END_REF][START_REF] Melendez | Quantifying Correlated Truncation Errors in Effective Field Theory[END_REF] . We employ the model errors defined in [START_REF] Ekström | ∆ isobars and nuclear saturation[END_REF] . The 839 use of emulators based on eigenvector continuation [START_REF] Frame | Eigenvector Continuation with Subspace Learn-1144 ing[END_REF][START_REF] König | Eigenvector continuation as an efficient and accurate emulator for uncertainty quantification[END_REF][START_REF] Ekström | Global Sensitivity Analysis of Bulk Properties of an Atomic Nucleus[END_REF] pro-840 vides us with an efficient approximation, M (θ), of the model.

841

This approach entails an emulator error emulator such that 842 M (θ) = M (θ) + emulator , as outlined in the previous section. work we use an iterative approach for complex computer mod-852 els known as history matching (HM) [START_REF] Vernon | Galaxy formation: 502 a Bayesian uncertainty analysis[END_REF][START_REF] Vernon | Galaxy Formation: 505 Bayesian History Matching for the Observable Universe[END_REF][START_REF] Vernon | Bayesian uncertainty analysis for complex 508 systems biology models: emulation, global parameter searches 509 and evaluation of gene functions[END_REF] in which the model, various studies [START_REF] Raftery | Inference from a Deterministic Population Dynamics Model for Bowhead Whales[END_REF][96][START_REF] Andrianakis | Bayesian history matching of complex infectious disease models using emulation: a tutorial and a case study on HIV in Uganda[END_REF] ranging, e.g., from effects of climate mod-859 eling [START_REF] Williamson | History matching for exploring and reducing climate model parameter space using observations and a large perturbed physics ensemble[END_REF][START_REF] Edwards | Revisiting Antarctic ice loss due to marine ice-cliff instability[END_REF] to systems biology [START_REF] Vernon | Bayesian uncertainty analysis for complex 508 systems biology models: emulation, global parameter searches 509 and evaluation of gene functions[END_REF] . The present work represents 860 the first application in nuclear physics. We introduce the stan- 3). The effect of the continuum on the energy difference was es-996 timated to be ∼0.5 MeV in ref. [START_REF] Hagen | Emergent properties of nuclei from ab initio coupled-cluster cal-484 culations[END_REF] and was neglected in this 997 work. We note that our ability to examine the full ppd for these A.E., C.F., G.H., W.G.J., T.P., Z.H.S., and I.V. performed the coupled-cluster calculations and their statistical analysis and wrote the associated sections of the manuscript.

861 dard implausibility measure 862 I 2 (θ) = max i ∈Z | Mi (θ) -z i | 2 Var Mi (θ) -z i , (3) 
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The authors declare no competing interests. [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+4n coincidence events. The red and blue histograms are the results of simulations of sequential decay via the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state (A and B in Fig. 2e) and five-body phase space decay, respectively. b, Same as a, but for the three-body decay energy E 034 . c, The filled grey histogram is the partial decay energy spectrum E 012 gated by 1.0 < E 0123 < 1.2 MeV for the [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n coincidence events. The red and blue dashed histograms are the results of simulations assuming [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O sequential (B and C in Fig. 2e) and four-body phase space decay, respectively. The green hatched histogram represents the contribution from the decay of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O. The red (blue) solid histogram is the sum of the contributions from [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O and [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O for sequential (phase space) decay. d, Same as c, but for the two-body decay energy E 03 . e, Decay energy spectrum of [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+2n events from the [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] Ne beam data. The grey histogram represents events with E 01 < 0.08 MeV. The red histogram shows the results of the simulation for the decay of the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O resonance. The excess observed near zero decay energy is interpreted as arising from direct population of the [START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] O ground state from [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] Ne. f, Decay energy spectrum of [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+2n events from the [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F beam. The grey histogram represents events with E 01 < 0.08 MeV. The red histogram shows the best fit in the region of the peak arising from the decay of the [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O resonance (dashed histogram) and an exponential distribution (dotted curve) arising from all other contributions which come primarily from the decay of [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O. [START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] . This observable is computed in particle-attached coupled-cluster theory [START_REF] Gour | Coupled-cluster calculations for valence systems around 1140 16[END_REF] and does not involve an emulator. Extended Data Fig. 7 | Posterior predictive distributions for [START_REF] Gaudefroy | Direct Mass Measurements of 19 B, 22 C, 29 F, 31 Ne, 34 Na and Other Light Exotic Nuclei[END_REF][START_REF] Kanungo | One-Neutron Removal Measurement Reveals 24 O as a New Doubly Magic Nucleus[END_REF][START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O. MCMC samples of the posterior predictive distribution for selected oxygen observables. The black (maroon) histogram shows results obtained with an uncorrelated, Gaussian likelihood (including a discrete probability p(E n p.1S0 > 0|θ) = 1). The red histogram illustrates a low-statistics sample. The 68% credible regions and the medians are indicated by dashed lines on the diagonal, while the solid, vertical grey (blue) lines show the experimental target (prediction with the ∆NNLO GO (394) interaction).

Fig. 1 |

 1 Fig. 1 | Nuclear chart and shell structure. a) Nuclear chart up to Z = 18 showing the stable and short-lived ( β-decaying) nuclei. The experimentally established neutron dripline is shown by the thick blue line. Known doubly-magic nuclei are also indicated. b) Schematic illustration of the neutron configuration for a nucleus with a closed N = 20 shell. c) The neutron configuration involving particle-hole excitations across a quenched N = 20 shell gap.

194 mize the uncertainties due to contributions from higher lying 195 28 O

 28 Fig. 2f. The spin and parity (J π ) of the resonance may be 228

263FirstFig. 2 |

 2 Fig.2| Decay energy spectra and decay scheme. a) Five-body decay energy (E 01234 ) spectrum for[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+4n events. The red-solid histogram shows the best-fit result taking into account the experimental response function. The dotted histogram shows the contribution arising from residual crosstalk that survives the rejection procedures (see Methods). b) Four-body decay energy (E 0123 ) spectrum for[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n events. c) Same as b, but gated by the partial decay energy E 012 < 0.08 MeV. The red-dashed histograms represent the contributions from[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O and[START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O events, and the red-solid histogram shows the sum. d) Definition of the partial decay energies. e) Decay scheme of the unbound oxygen isotopes. The newly observed resonances and their decays are shown in red.

267

  and three-nucleon interactions. HM identifies the region of 268 parameter space for which the emulated CC method generates 269 non-implausible results (see Methods). A reliable low-270 statistic sample of 121 different LEC parameterizations was 271 extracted for which the CC posterior predictive distribution 272 (ppd) was computed for the ground-state energies of 27,28 O, 273 which are shown in Fig. 3. The predicted 27,28 O energies are 274 correlated, as is clearly seen in the plot of energy distributions 275 displayed in Extended Data Fig. 3. From this, the median val-276 ues and 68% credible regions were obtained for the 27 O-28 O and 28 O-24 O energy differences: ∆E(

367

  were found to exist as relatively low-lying resonances. These 368 observations were made possible using a state-of-the-art setup 369 which permitted the direct detection of 3 and 4 neutrons. From 370 an experimental point of view, the multi-neutron-decay spec-371 troscopy demonstrated here opens up new perspectives in the 372 investigation of other extremely neutron-rich systems lying 373 beyond the neutron dripline and the study of multi-neutron 374 correlations. Comparison of the measured energies of

564

  and momentum vector of the decay particles. The decay en-565 ergy is then obtained as E 01234 = M ( 28 O) -M ( 24 O) -4M n , 566 where M ( 24 O) and M n are the masses of 24 O and the neu-567 tron, respectively. The decay energy resolution is estimated by 568 Monte-Carlo simulations. The resolution (FWHM) varies as a 569 function of the decay energy approximately as 0.14(E 01234 + 570 0.87) 0.81 MeV. 571 Simulations The experimental response functions, for both 572 the full and partial decay energy spectra, were derived from a 573 Monte-Carlo simulation based on GEANT4 (ref. 56 ). All rele-574 vant characteristics of the setup (geometrical acceptances and 575 detector resolutions) were incorporated, as well as those of 576 the beam, target and reaction effects. The QGSP_INCLXX 577 physics class was adopted to describe the interactions of the 578 neutrons in the detectors (as well as non active material) as it 579 reproduces well the experimentally determined single-neutron 580 detection efficiency as well as the detailed characteristics of 581

  585 is shown by the insets of Extended Data Fig. 1. 586 Fitting of decay energy spectra The energies, widths, 587 and amplitudes of the resonances, as modelled by intrinsic 588 lineshapes with a Breit-Wigner form with energy-dependent 589 widths, were obtained via fits of the corresponding decay en-590 ergy spectra using the maximum likelihood method, where the 591 experimental responses were obtained by the simulations. As592

625

  ual crosstalk events arise in cases when one (or occasionally 626 more) of the neutrons emitted in the decay of[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O is subject 627 to crosstalk. A very much smaller fraction is also estimated to 628 be produced when one of the three neutrons from the decay of 629 27 O, produced directly by proton and neutron knockout, un-630 dergoes crosstalk. Importantly the crosstalk cannot generate 631 a narrow peak-like structure in the E 01234 decay energy spec-632 trum. 633 Partial decay energy of subsystems The partial decay en-634 ergies of the 24 O+xn subsystems can be used to investigate 635 the manner in which

  knockout from different orbitals. Even though the momentum distribution is slightly broadened by the undetected decay neutron, it still reflects directly the character of the knockedout proton. The experimental P x distribution is compared to DWIA (Distorted Wave Impulse Approximation) reaction theory calculations (see below) for knockout of a proton from the 1d 5/2 and 2s 1/2 orbitals. The theoretical distributions are convoluted with the experimental resolution as well as the much smaller broadening induced by the undetected neutron (σ = 34 MeV/c). The best fit normalization of the theoretical distribution obtained by the distorting potential with the Dirac phenomenology (microscopic folding model potential) through a χ 2 minimization gives reduced-χ 2 values of 2.0 (2.0) for the 1d 5/2 proton knockout and 3.7 (4.7) for the 2s 1/2 knockout. The curves in Extended Data Fig. 4 represent the calculations obtained by the distorting potential with the Dirac phenomenology. The better agreement for the 1d 5/2 proton knockout suggests that the spin and parity of the 29 F ground state is 5/2 + as predicted by the shell model calculations, including those using the EEdf3 interaction.

728

  obtain the effective NN interaction for the sd-p f shells, by 729 including the so-called Q-box, which incorporates unfolded 730 effects coming from outside of the model space[START_REF] Hjorth-Jensen | Realistic effective in-1100 teractions for nuclear systems[END_REF] , up to third 731 order and its folded diagrams. As to the single-particle ba-732 sis vectors, the eigenfunctions of the three-dimensional har-733 monic oscillator potential were taken as usual. In addition, 734 the contributions from the Fujita Miyazawa three-nucleon 735 force (3NF)[START_REF] Fujita | Pion theory of three-body forces[END_REF] were added in the form of the effective NN 736 interaction[START_REF] Otsuka | 489 Three-Body Forces and the Limit of Oxygen Isotopes[END_REF] . The Fujita Miyazawa force represents the ef-737 fects of the virtual excitation of a nucleon to a ∆ baryon by 738 pion-exchange processes and includes the effects of ∆-hole 739 excitations, but does not include other effects such as contact 740 (c D and c E ) terms.

769

  state energy of[START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF] O. The coupled-cluster calculations start 770 from a spherical Hartree-Fock reference of[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O in a model-771 space of 13 major harmonic oscillator shells with an oscillator 772 frequency of ω = 16 MeV. The three-nucleon force is limited 773 to three-body energies up to E 3max = 14 ω. For energy differ-774 ences the effects of model-space truncations and coupling to 775 the scattering continuum are small and were neglected in the 776 history matching analysis.

  to excited states and increased the precision by including triples excitations via the CCSDT-3 and EOM-CCSDT-3 methods, respectively. Our SP-CC emulators employ up to 68 training points for each observable of interest, and use model spaces consisting of 11 major harmonic oscillator shells. We checked the precision of each emulator by performing emulator diagnostics 89 : confronting the emulator predictions with the results of actual coupled-cluster computations, see Extended Data Fig. 5. Once constructed, the emulators are inexpensive computational tools that can precisely predict the results for virtually arbitrary parameterizations of the EFT potentials. This allows us to explore several hundred million parameterizations with the computational cost of only a few hundred actual coupled-cluster computations. The use of emulation hence represents a critical advance, that facilitates a far

843

  Obviously, we do not know the exact values of the errors in 844 Eq. (2), hence we represent them as uncertain quantities and 845 specify reasonable forms for their statistical distributions, in 846 alignment with the Bayesian paradigm. This allows for these 847 uncertainties to be formally incorporated in all subsequent cal-848 culations and inferences. We also assume that the errors add 849 independently of each other and the inputs θ. 850 Coupled-cluster calculations: History matching In this 851

853

  solved at different fidelities, is confronted with experimental 854 data z using relation (2). The aim of HM is to estimate the 855 set Q(z) of values for θ, for which the evaluation of a model 856 M (θ) yields an acceptable-or at least not implausible (NI)-857 match to a set of observations z. HM has been employed in 858

  which is a function over the input parameter space and quan-863 tifies the (mis-)match between our (emulated) model output 864 Mi (θ) and the observation z i for all observables i in the tar-865 get set Z. This specific definition uses the maximum of the 866 individual implausibility measures (one for each observable) 867 as the restricting quantity. We consider a particular value for 868 θ as implausible if I (θ) > c I ≡ 3.0 appealing to Pukelsheim's 869 three-sigma rule 100 . In accordance with the assumptions lead-870 ing to Eq. (2), the variance in the denominator of Eq. (3) is a 871 sum of independent squared errors. Generalizations of these 872 assumptions are straightforward if additional information on 873 error covariances or possible inaccuracies in our error model 874 would become available. An important strength of the HM 875 approach is that we can proceed iteratively, excluding regions 876 of input space by imposing cutoffs on implausibility measures 877 that can include additional observables z i and corresponding 878 model outputs M i , and possibly refined emulators Mi , as the 879 iterations proceed. The iterative HM proceeds in waves ac-880 cording to a straightforward strategy that can be summarized 881 as follows: 882 1. At iteration j: Evaluate a set of model runs over the 883 current NI volume Q j using a space-filling design of 884 sample values for the parameter inputs θ. Choose a re-885 jection strategy based on implausibility measures for a 886 set Z j of informative observables.

887 2 .Fig. 6 .

 26 Fig. 6. The NI samples summarise the parameter region of 940

975A

  subset of marginal posterior predictive distributions (ppd) 976 are shown in Extended Data Fig. 7. Clearly, a subset of 100 977 samples provides an accurate low-statistics representation of 978 this marginalized ppd. We exploit this feature in our final pre-979 dictions for 27,28 O presented in the main text. Note that the 980 ppd does not include draws from the model discrepancy pdf. 981 To include information about the 25 O separation energy with 982 respect to 24 O we perform a straightforward Bayesian update 983 of the posterior pdf p(θ| A = 2 -24) for the LECs. This com-984 plements the statistical analysis of the ab initio model with 985 important information content from an odd and neutron-rich 986 oxygen isotope. Using the pdf p(θ| A = 2 -24) we draw 987 500 model predictions for ∆E(

998

  expensive ab initio calculations provides welcome additional 999 insight, which is a direct consequence of the use of the HM 1000 procedure. We note that a sufficiently precise determination 1001 of ∆E( 28,24 O) and ∆E( 27,28 O) requires wave 4 in the history 1002 matching and also using the separation energy ∆E( 24,25 O) for 1003 the construction of the pdf. Without input about 25 O, the sep-1004 aration energy ∆E( 27,28 O) becomes too uncertain to be use-1005 ful. It is in this sense that a sufficiently precise prediction 1006 of ∆E( 27,28 O) is finely tuned and cannot be based only on 1007 the properties of light nuclei up to 4 He. Changes in the low-1008 energy constants that have small impact in few nucleon sys-1009 tems are magnified in 28 O. Apparently, one needs information 1010 about all nuclear shells including the sd shell to meaningfully 1011 predict this key nucleus. 1012 DWIA calculations The distorted-wave impulse approx-1013 imation (DWIA) 53103,104 describes proton-induced proton 1014 knockout -(p, 2p) -processes as proton-proton (pp) elas-1015 tic scattering. This is referred to as the impulse approxima-1016 tion, which is considered to be valid at intermediate energies 1017 when both outgoing protons have large momenta with respect 1018 to the residual nucleus. The DWIA approach has been suc-1019 cessful in describing proton-induced knockout reactions; in 1020 ref. 53 , it was shown that the spectroscopic factors deduced and detectors. T.O., N.S., N.T., Y.U. and S.Y. performed the EEdf3 calculations. K.O. performed the DWIA calculations.

  Extended Data Fig.1| Schematic view of the experimental setup. The insets show the overall efficiency as a function of decay energy for detecting[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O + 3 and 4 neutrons.

|

  Partial decay energy spectra. a, The filled grey histogram is the three-body decay energy E 012 gated on the total decay energy E 01234 < 1 MeV for the

|

  Probability distribution of the calculated energy differences. Survived non-implausible calculations are shown by blue dots as functions of energy differences ∆E( 28,24 O) and ∆E( 27,28 O). The black circle shows experiment. The dashed curves indicate 68% and 90% highest probability density regions. The top and right distributions are the 1-dimensional probability density distributions. The values given by the other theories are plotted as squares: green -USDB, GSM, and CSM, red -SDPF-M and EEdf3 and purple -VS-IMSRG.
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  Transverse momentum distribution of the[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O+3n system in the rest frame of the 29 F beam. Events corresponding to the population of the

Extended Data Fig. 6 |

 6 History-matching waves and Bayesian posterior sampling. (Lower left triangle) The panel limits correspond to the input volume of wave 1. The domain is iteratively reduced and the input volumes of wave 2, 3, 4 are indicated by green/dash-dotted, blue/dashed, black/solid rectangles. The optical depths of non-implausible samples in the final wave are shown in red with darker regions corresponding to a denser distribution of non-implausible samples. (Upper right triangle) Parameter posterior pdf from MCMC sampling with the non-implausible samples of the history-matching analysis as starting points. We use an uncorrelated, multivariate normal likelihood function and a uniform prior bounded by the first wave initial volume. Note that the relevant posterior regions are small in some directions, but larger in others such as c D and c E . Number of Number of NI samples Wave Target set (Z) active parameters input samples fraction 1 np phase shifts 5

  [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O ener-
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	260	closure. The EEdf3 calculations show that 28 O gs has large
		admixtures of configurations involving neutron excitations in

255 gies (∼1 MeV) than found in the experiment. The calculated 256 sum of the occupation numbers for the neutron p f -shell or-257 bitals is 2.5 (1.4) for 28 O ( 27 O) and for the 1d 3/2 orbital 2.0 258 (2.1), which are consistent with a collapse of the N = 20 shell 261 the p f -shell orbitals as expected for nuclei in the IoI. This is 262 supported by the measured cross section as discussed below.

  MeV computed by the particle rotor model assum-

	354	
	355	envisaged experimentally 17 . The EEdf3 calculations predict
	356	an excitation energy of 2.097 MeV, which is close to that
		of ∼2.5
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.05 -0.06 (stat)±0.05(syst). Such an appreciable 334 strength indicates that the

[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

O neutron configuration resem-335 bles quite strongly that of

[START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] 

F. This value may be compared to 336 that of 0.68 derived from the EEdf3 shell model calculations 337 (where the center-of-mass correction factor

[START_REF] Dieperink | Center-of-mass effects in 523 single-nucleon knock-out reactions[END_REF] 

(29/28) 2 has 338 been applied). The 30% difference between the experimen-339 tal C 2 S as compared to theory, is in line with the well-known 340 reduction factor observed in (p, 2p) and (e, e p) reactions

[START_REF] Wakasa | Proton-induced knockout re-526 actions with polarized and unpolarized beams[END_REF] 

.

341

Importantly, the EEdf3 calculations predict admixtures of the 342 ground state wave function of

[START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] 

F with sd-closed-shell con-343 figurations of only some 12%. Consequently, even when the 344 neutrons in

[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

O are confined to the sd shell a spectroscopic 345 factor of only 0.13 is obtained. As such, it is concluded that, 346 as in

[START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] 

F, the p f -shell neutron configurations play a major role 347 in

[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

O and that the N = 20 shell closure disappears. Conse-348 quently the IoI extends to

[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

O and it is not a doubly-magic 349 nucleus.

350 More effort will be required to properly quantify the char-351 acter of the structure of

[START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] 

O and the neutron p f -shell con-352 figurations. In this context, the determination of excitation 353 energy of the first 2 + state is the next step which may be 357 ing moderate deformation

[START_REF] Macchiavelli | Structure of 29 F in the rotation-aligned 529 coupling scheme of the particle-rotor model[END_REF] 

. Both predictions are much 358 lower than the energies found in doubly-magic nuclei -e.g., 359 6.917 MeV in

[START_REF] Gaudefroy | Direct Mass Measurements of 19 B, 22 C, 29 F, 31 Ne, 34 Na and Other Light Exotic Nuclei[END_REF] 

O and 4.7 MeV in 24 O (refs.

[START_REF] Hoffman | Evidence for a doubly magic 24 O[END_REF][START_REF] Tshoo | N = 16 Spherical Shell Closure in 24 O[END_REF] 

). A com-360 plementary probe of the neutron sdp f -shell gap, which is 361 within experimental reach, is the energy difference between 362 the positive-and negative-parity states of 27 O as seen in 28 F 363 (ref. 3 ). 364 Conclusions 365
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  [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O Production of the 29 F beam The beam of[START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF] F ions was pro-

	533	
	534	vided by the RI Beam Factory operated by the RIKEN Nishina
	535	Center and the Center for Nuclear Study (CNS), University
	536	of Tokyo. It was produced by projectile fragmentation of an
	537	intense 345 MeV per nucleon 48 Ca beam on a 15-mm-thick
	538	beryllium target. The secondary beam, including 29 F, was pre-
	539	pared using the BigRIPS 55 fragment separator operated with
	540	aluminum degraders of 15-mm and 7-mm median thicknesses
	541	at the first and fifth intermediate focal planes, respectively.
	542	The primary 48 Ca beam intensity was typically 3×10 12 parti-
	543	cles per second. The average intensity of the 29 F beam was
	544	90 particles per second.
	545	Measurement with a 29 Ne beam Data was also acquired to
	546	measure the direct population of 27 O via two-proton removal
	547	from 29 Ne. The beam was produced in a similar manner to
	548	that for 29 F and the energy was 228 MeV per nucleon with an
		average intensity of 8×10 3 particles per second.
		386
		387	to be consistent with it not having a closed neutron shell char-
		388	acter. This result suggests that the island of inversion extends
		389	beyond 28,29 F into the oxygen isotopes.
		390
			1. Hergert, H. A Guided Tour of ab initio Nuclear Many-Body

375

with respect to

[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] 

O with a broad range of theoretical predic-376 tions, including two approaches employing nuclear interac-377 tions derived from effective field theories of quantum chro-378 modynamics, showed that in almost all cases theory under-379 binds both systems. The statistical coupled-cluster calcula-380 tions indicated that the energies of 27,28 O can provide valu-381 able constraints of such ab initio approaches and, in particu-382 lar, the interactions employed. Finally, while 28 O is expected 383 in the standard shell-model picture to be a doubly-magic nu-384 cleus (Z = 8 and N = 20), the single-proton removal cross 385 section measured here, when compared to theory, was found 391 Theory. Front. Phys. 8, (2020).

392 2. Ahn, D. S. et al. Location of the Neutron Dripline at Fluorine 393 and Neon. Phys. Rev. Lett. 123, 212501 (2019).

394 3. Revel, A. et al. Extending the Southern Shore of the Island of 395 Inversion to 28 F. Phys. Rev. Lett. 124, 152502 (2020).

396 4. Duer, M. et al. Observation of a correlated free four-neutron 397 system. Nature 606, 678-682 (2022).

398 5. Sakurai, H. et al. Evidence for particle stability of 31 F and par-399 ticle instability of 25 N and 28 O. Phys. Lett. B 448, 180-184 400 (1999). 401 METHODS 549 Unfortunately, in this measurement the cross section for the 550 two-proton removal was much lower than expected and the 551 statistics obtained for 24 O+3n coincidence events was too low 552 to be usefully exploited. Nevertheless, the decay of 27 O could 553 be identified from the 24 O+2n coincidence data. As may be 554 seen in Extended Data Fig. 2e, the three-body decay energy 555 (E 012 ) spectrum gated by E 01 < 0.08 MeV -corresponding 556 to selection of the 26 O ground-state decay -exhibits a clear 557 peak at around 1 MeV. As the simulations demonstrate, this 558 is consistent with the sequential decay of the 27 O resonance 559

  event selection with E 012 < 0.08 MeV should further

	605	
	606	reduce any such contribution. As a quantitative check, a fit
	607 608	with a non-resonant component -modelled with a lineshape given by p 0 √ E 0123 exp(-p 1 E 0123 ), where p 0 and p 1 are fitting
	609	parameters -has been examined. This gives 8% reduction in
	610	the 28 O cross section with a very limited impact on the ener-
		gies and widths of the 27,28 O resonances.

611

Neutron crosstalk A single beam velocity neutron may 612 scatter between individual plastic scintillator detectors of the 613 three neutron walls of the setup. Such crosstalk events can 614 mimic true multi-neutron events and present a source of back-615 ground. By examining the apparent kinematics of such events 616 and applying so-called causality conditions, this background 617 can be almost completely eliminated

[START_REF] Nakamura | Large acceptance spectrometers for 1067 invariant mass spectroscopy of exotic nuclei and future develop-1068 ments[END_REF][START_REF] Kondo | Recent progress and devel-1071 opments for experimental studies with the SAMURAI spectrom-1072 eter[END_REF] 

. Importantly, both 618 the rejection techniques and the rate and characteristics of 619 the crosstalk have been benchmarked in and compared to the 620 simulations for dedicated measurements with single-neutron 621 beams.

  [START_REF] Kondo | Nucleus 26 O: A Barely Unbound System beyond the Drip Line[END_REF][START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O decay. In this analysis the de-E 01 < E 02 < E 03 < E 04 . Of particular inter-

	639	
	640	est here is the extremely low decay energy of the 26 O ground
	641	state (18 keV 27 ), such that it appears just above zero energy
	642	(or neutron-decay threshold) in the two-body partial decay en-
	643	ergy E 01 and three-body partial decay energy (E 012 ).
	644	Extended Data Figs. 2a and b display the distributions of
		the partial decay energies E 012 and E 034 for the 24 O+4n co-

636

cay neutrons are numbered (n 1 , n 2 , • • • ) by ascending order 637 of two-body relative energy E 0i between

[START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] 

O and n i -that 638 is, such that, 645 incidence events with a total decay energy E 01234 < 1 MeV.

646

The resulting sharp threshold peak in the E 012 spectrum is a 647 clear sign of sequential decay through the

[START_REF] Caesar | Beyond the neutron drip line: The unbound oxygen isotopes 25 O and 26 O[END_REF] 

O ground state. 648 This is confirmed quantitatively by a simulation assuming 649 two-neutron emission to the the 26 O ground state, which in 650 turn decays by two-neutron emission to the 24 O ground state, 651 which describes well the E 012 and E 034 spectra. By compari-652 son, a simulation assuming five-body phase space decay fails 653

  [START_REF] Lunderberg | Evidence for the Ground-State Resonance of 26 O[END_REF][START_REF] Hoffman | Determination of the N = 16 Shell Closure at the Oxygen Drip Line[END_REF] O) and account for all in-

	988	
	989	dependent and normally distributed uncertainties according to
	990	Extended Data Table 1. Next, we draw 121 different LEC pa-
	991	rameterizations from the updated posterior and use coupled
	992	cluster to compute the corresponding ground-state energies of
	993	27,28 O. The full bivariate ppd for the 28 O-24 O and 27 O-28 O
	994	energy differences, ∆E( 28,24 O) and ∆E( 27,28 O), with asso-
		ciated credible regions, are shown in Extended Data Fig. 3.

995

  [START_REF] Obertelli | MINOS: A vertex tracker coupled to a thick liquid-hydrogen target for in-beam spectroscopy of exotic nuclei[END_REF] O ground state (E 012 < 0.08 MeV and E 0123 < 0.8 MeV) are shown by the data points. The blue and red solid lines represent the DWIA calculations, including the experimental effects for s 1/2 and d 5/2 proton knockout, respectively, whereby the distributions have been scaled to best fit experiment.Extended Data Table1| Error assignments used in the statistical analysis. Energies in (MeV), squared point-proton radii in (fm 2 ) and the deuteron quadrupole moment in (e 2 fm 2 ). ∆E( 25,24 O) is used in the Bayesian update step and the experimental target is from Hoffman et al.

	Target	z	ε exp ε model ε method ε emulator
	E( 2 H)	-2.2298 0.0 0.05 0.0005 0.001%
	r 2 p ( 2 H)	3.9030 0.0 0.02 0.0005 0.001%
	Q( 2 H)	0.27	0.01 0.003 0.0005 0.001%
	E( 3 H)	-8.4818 0.0 0.17 0.0005 0.005%
	E( 4 He) -28.2956 0.0 0.55 0.0005 0.005%
	r 2 p ( 4 He)	2.1176 0.0 0.045 0.0005 0.05%
	E( 16 O)	127.62 0.0 0.75	1.5	0.5%
	r 2 p ( 16 O)	6.660	0.0 0.16	0.05	1%
	∆E( 22,16 O) -34.41 0.0 0.4	0.5	1%
	∆E( 24,22 O) -6.35 0.0 0.4	0.5	4%
	E 2 + ( 24 O)	4.79	0.0 0.5	0.25	2%
	∆E( 25,24 O)	0.77	0.02 0.4	0.25	-

  Extended Data Table2| Definitions of history-matching waves used in this work. The np phase shifts correspond to six targets (T lab = 1, 5, 25, 50, 100, 200 MeV) for 1 S 0 , 3 S 1 , 1 P 1 , 3 P 0 , 3 P 1 , 3 P 2 partial waves. The A = 2 observables are E( 2 H), r p ( 2 H), Q( 2 H), while A = 3, 4 are E( 3 H), E( 4 He), r p ( 4 He). Finally, A = 16 -24 correspond to E( 16 O), r p ( 16 O), the binding-energy differences ∆E( 24,22 O), ∆E( 22,16 O) and E 2 + ( 24 O). Parameter median 68% credible region C1S0pp -0.343 [-0.360, -0.327] C1S0np -0.339 [-0.352, -0.328] C1S0nn -0.337 [-0.349, -0.327] C3S1 -0.258 [-0.272, -0.245] Extended Data Table 3 | Medians and 68% credible regions (highest-density intervals) from the Bayesian posterior pdf of χEFT model parameters obtained with MCMC sampling as described in the text.

					10 -1 -10 -4
	2	A = 2	7		10 8	2.3 • 10 -4
	3 4 A = 2-4, 16-24 A = 2-4 C 1S0 C 3P0	13 17 2.502 1.343	10 8 5 • 10 8 [2.377, 2.785] [1.217, 1.600]	3.4 • 10 -5 1.3 • 10 -6
		C 1P1	-0.273 [-0.600, -0.115]
		C 3P1	-1.074 [-1.199, -0.834]
		C 3S1	0.982	[0.803, 1.160]
		C E1	0.437	[0.358, 0.512]
		C 3P2	-0.920 [-1.032, -0.809]
		c 1	-0.740 [-0.760, -0.721]
		c 2	-0.494 [-0.645, -0.347]
		c 3	-0.645 [-0.841, -0.456]
		c 4	0.958	[0.861, 1.056]
		c D	-0.460	[-1.955, 0.175]
		c E	-0.107	[-0.471, 0.196]
			Number of	Number of	NI samples
	Wave	Target set ( Z )	active parameters	input samples	fraction
	1	np phase shifts	5-7		10 5 -10 7	10 -1 -10 -4
	2	A = 2	7		10 8	2.3 •10 -4
	3	A = 2 -4	13		10 8	3.4 •10 -5
	4	A = 2 -4, 16-24	17		5 •10 8	1.3 •10 -6

This, however, is very much lower than theory suggests
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