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Subjecting a physical system to extreme conditions is one of the means often used to
obtain abetter understanding and deeper insight into its organization and structure.
Inthe case of the atomic nucleus, one such approachis to investigate isotopes

that have very different neutron-to-proton (N/Z) ratios than in stable nuclei. Light,
neutron-richisotopes exhibit the most asymmetric N/Zratios and those lying beyond
the limits of binding, which undergo spontaneous neutron emission and exist only as
very short-lived resonances (about 10 s), provide the most stringent tests of modern
nuclear-structure theories. Here we report on the first observation of 0 and 70
through their decay into 20 and four and three neutrons, respectively. The 20 nucleus
is of particular interest as, with the Z= 8 and N =20 magic numbers*?, itis expected in
the standard shell-model picture of nuclear structure to be one of arelatively small
number of so-called ‘doubly magic’ nuclei. Both”’0 and 20 were found to exist as
narrow, low-lying resonances and their decay energies are compared here to the results
of sophisticated theoretical modelling, including alarge-scale shell-model calculation
and anewly developed statistical approach. In both cases, the underlying nuclear
interactions were derived from effective field theories of quantum chromodynamics.
Finally, itis shown that the cross-section for the production of 220 from a *F beamiis
consistent with it not exhibiting a closed N=20 shell structure.

Oneof the most active areas of present-day nuclear physicsis theinves-
tigation of rare isotopes with large N/Zimbalances. The structure of
such nuclei provides for strong tests of our theories, including—most
recently—sophisticated abinitio-type approaches whereby the under-
lying interactions between the constituent nucleons are constructed
from first-principles approaches (see, for example, ref. 3).

Owing to the strong nuclear force, nuclei remain bound to the addi-
tion of many more neutrons than protons and the most extreme N/Z
asymmetries are found for light, neutron-rich nuclei (Fig. 1a). Here,
beyond the limits of nuclear binding—the so-called neutron drip
line—nuclei can exist as very-short-lived (about 10 s) resonances,
which decay by spontaneous neutron emission, with their energies
and lifetimes dependent on the underlying structure of the system.
Experimentally, such nuclei canonly be reached for the lightest systems
(Fig.1a), in which the location of the neutron drip line has been estab-
lished up to neon (Z=10)*and the heaviest neutron unbound nucleus

observed for fluorine (Z=9) %F (ref. 5). Arguably the most extreme
system, if confirmed to exist asaresonance, would be the tetra-neutron,
for which anarrow near-threshold continuumstructure has been found
in arecent missing-mass measurement®. Here we report on the direct
observation of 20 (N/Z = 2.5), whichis unbound to four-neutron decay,
and of neighbouring 70 (three-neutron unbound).

The nucleus *®0 has long been of interest’® as, in the standard
shell-model picture of nuclear structure, it is expected to be ‘doubly
magic’.Indeed, itis very well established that for stable and near-stable
nuclei, the proton and neutron numbers 2, 8, 20, 28, 50, 82 and 126
correspond to spherical closed shells'. Such nucleirepresenta corner-
stoneinour understanding of the structure of the many-body nuclear
system. In particular, as substantial energy is required to excite them
owingtothelarge shell gaps, they canbe considered, when modelling
nuclei in their mass region, as an ‘inert’ core with no internal degrees
of freedom. Suchanapproach has historically enabled more tractable
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Fig.1|Nuclear chartandshellstructure. a, Nuclear chart up toZ=18 showing
thestable and short-lived (B-decaying) nuclei. The experimentally established
neutrondriplineis shown by the thick blue line. Known doubly magic nucleiare

calculations tobe made thanattempting to model an A-body (A =Z+ N)
nucleus fromthe fullensemble of nucleons. Indeed, this approach has
been a fundamental premise of the shell-model methods that have
enabled an extremely wide variety of structural properties of nuclei
to be described with good accuracy over several decades (see, for
example, ref. 9).

Ofthevery limited number of nuclei that are expected to be doubly
magic based on the classical shell closures, 220 is, given its extreme
N/Z asymmetry, the only one that is—in principle—experimentally
accessible that has yet to be observed. In recent years, the doubly
magic character of the two other such neutron-rich nuclei, ®Ni (Z =28,
N=50;N/Z=1.8)° and **Sn (Z=50, N=82; N/Z=1.6)", has been con-
firmed. Theremaining candidate, two-neutron unbound nucleus °He
(Z=2,N=8; N/Z=4),has been observed as a well-defined resonance
but its magicity or otherwise has yet to be established (ref. 12, and
references therein).

The N=20 shell closure has long been known, however, to disap-
pear in the neutron-rich Ne, Na and Mg (Z=10-12) isotopes (see, for
example, refs. 13,14). This region is referred to as the ‘Island of Inver-
sion’ (Iol)”®, whereby the energy gap between the neutron sd-shell and
pf-shell orbitals, rather than being well pronounced (Fig. 1b), is weak-
ened or even vanishes, and configurations with neutrons excited into
the pf-shell orbitals dominate the ground state (gs) of these nuclei,
as shown schematically in Fig. 1c. The lol nuclei with such configura-
tions are well deformed, rather than spherical, and exhibit low-lying
excited states. Very recently, the lol has been shown to extend to the
fluorineisotopes %°F (N =19, 20)>'* 8 that neighbour 0. On the other
hand, the last particle-bound oxygenisotope, >0, hasbeen found to be
doubly magic, with a new closed shell forming at N =16 (refs.19-23).
As such, the structural character of the more neutron-rich oxygen
isotopes and, in particular, 0 is an intriguing question. So far, how-
ever, only %20 (N=17,18) have been observed, as single-neutron and
two-neutron unbound systems, respectively?* >, with the latter existing
as an extremely narrow, barely unbound resonance.

This investigation focused on the search for 2220, produced in
high-energy reactions, through the direct detection of their decay
products—**0 and three or four neutrons. Critical to the success of
this work was the capability of the RIKEN RI Beam Factory to produce
intense neutron-drip-line beams coupled to a thick, active liquid-
hydrogentarget system and a high-performance multineutron detec-
tionarray.
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alsoindicated. b, Schematicillustration of the neutron configuration fora
nucleus with aclosed N=20shell. ¢, The neutron configurationinvolving
particle-hole excitations across aquenched N=20shell gap.

Experiment

The neutron-unbound ??%0 were produced through proton-induced
nucleon knockout reactions from a 235 MeV per nucleon beam of F.
Asdepictedin Extended DataFig.1, the ®F ions were characterized and
tracked onto a thick (151 mm) liquid-hydrogen reaction target using
plastic scintillators and multiwire drift chambers. The hydrogen tar-
get was surrounded by the MINOS Time Projection Chamber?, which
allowed for the determination of the reaction vertex. This combination
provided for both the maximum possible luminosity together with the
ability to maintain a good ***0 decay-energy resolution.

The forward-focused beam-velocity reaction products—charged
fragments and fast neutrons—were detected and their momenta
determined using the SAMURAI spectrometer®, including the three
large-area segmented plastic scintillator walls of the NeuLAND*® and
NEBULA arrays. An overall detection efficiency for the three-neutron
and four-neutron decay of around 2% and 0.4%, respectively, was
achieved for decay energies of 0.5 MeV (Extended DataFig.1). The decay
energies were reconstructed from the measured momenta using the
invariant-mass technique with aresolution (full width at half maximum,
FWHM) of around 0.2 MeV at 0.5 MeV decay energy (see Methods).

Analysis and results

The *O fragments were identified by the magnetic rigidity, energy
loss and time of flight derived from the SAMURAI spectrometer detec-
tors. The neutronsincident onthe NeuLAND and NEBULA arrays were
identified on the basis of the time of flight and energy deposited in
the plastic scintillators. Notably, the multineutron detection required
the application of dedicated offline analysis procedures to reject
crosstalk (see Methods), thatis, eventsinwhichaneutronis scattered
between and registered in two or more scintillators.

Inthe analysis, the decay neutrons were denoted n,, n,,... by ascend-
ing order of the two-body relative energy E,;between 0 and n,, such
that £y, < Ey, < Eg3 < Eq, (Fig. 2d). The 20 decay energy, Eqyys4, recon-
structed from the measured momentum vectors of the five decay par-
ticles, is shown in Fig. 2a. A narrow peak is clearly observed at about
0.5 MeV and may be assigned to be the 0 ground state. As a small
fraction of crosstalk events could not be eliminated by the rejection
procedures, care must be taken to understand their contribution to
the E,p5, Spectrum. In particular, 2*0+3n events, in which one of the
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Fig.2|Decay-energy spectraand decay scheme. a, Five-body decay-energy
(Eo1234) spectrum for *0O+4n events. The solid red histogram shows the best-fit
resulttakingintoaccount the experimental response function. The dotted red
histogram shows the contribution arising from residual crosstalk that survives
therejection procedures (see Methods). b, Four-body decay-energy (£,,,5)

neutrons creates crosstalk and is not identified as suchin the analysis,
can mimic true 20 decay. In this context, to provide a complete and
consistent description of all the **O+xn decay-energy spectra, a full
Monte Carlo simulation was constructed (see Methods). As shown in
Fig.2a, the contribution fromthe residual crosstalk eventsis found to
be rather limited in magnitude in the **O+4n decay-energy spectrum
and, moreover, produces a very broad distribution.

The decay of 20 was investigated by examining the correlations
in the 2O plus neutrons subsystems (see Methods). In particular, the
three-body (*O+n,+n,) partial decay energy E,;, (Extended Data Fig. 2a)
wasreconstructed from the **O+4n dataset. The corresponding spec-
trum exhibits asharp threshold peak arising from 2°O,, which is known
tohaveadecayenergy of only 18(5) keV (ref. 27). This observation clearly
indicates that ®0 sequentially decays through **O, as shown by the
arrows A and Bin Fig. 2e.

We have also observed, in the **0+3n channel, a¥O resonance for
the first time, as may be seen in the four-body decay-energy (E;»;)
spectrum of Fig. 2b. As confirmed by the simulations, which are able
to simultaneously describe the *0+3n and 4n decay-energy spectra,
the well-populated peak-like structure below about 0.5 MeV corre-
sponds to 0 events in which only three of the four emitted neutrons
are detected. The peak at £,,,; = 1 MeV, however, cannot be generated
by such events and must arise from a?’O resonance. This was confirmed
by the analysis of the data acquired witha*’Ne beam (see Methods and
Extended Data Fig. 2e), in which ¥O can be produced by two-proton
removal but not 20, as this requires the addition of a neutron.

The 0 resonance also decays sequentially through >0, as shown
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spectrum for2*0+3nevents. ¢, Same as bbut gated by the partial decay energy
Ey,<0.08 MeV. The dashed red histograms represent the contributions from
20 and ¥0 events and the solid red histogram shows the sum. d, Definition of
the partial decay energies. e, Decay scheme of the unbound oxygenisotopes.
The newly observed resonances and their decays areshowninred.

by the arrows B and C in Fig. 2e from the analysis of the partial decay
energies (Extended Data Fig. 2c,d).

The decay energies of the ¥%°0 resonances were derived from a fit
of the E,;,; spectrum with the condition that the partial decay energy
satisfies Ey;, < 0.08 MeV (Fig. 2c), thatis, decay through the 20 ground
state was selected so as to minimize the uncertainties owing to contri-
butions from higher-lying 0 resonances that were not identified in
the present measurements owing to the limited detection efficiency
(Extended Data Fig.1). The fitting used line shapes that incorporated
the effects of the experimental response functions, as derived from
the simulations, including the contribution arising from the residual
crosstalk (see Methods).

In the case of 20, a decay energy of Fypy3,=0.467393(stat) +
0.02(syst) MeV was found, with an upper limit of the width of the
resonance of 0.7 MeV (68% confidence interval). The cross-section for
single-proton removal from*F populating the resonance was deduced
tobe1.36'01(stat) + 0.13(syst) mb. The systematic uncertainties for
the decay energy and the width were dominated by the precise condi-
tionsused inthe neutron-crosstalk-rejection procedures, whereas the
principal contribution to that for the cross-section arose from the
uncertainty in the neutron-detection efficiency. It may be noted that,
if the resonance observed here is an excited state of 20 (presumably
the 2" level), then the ground state must lie even closer to threshold
and the excitation energy of the former must be less than 0.46 MeV.
This, however, is very much lower than theory suggests (2 MeV or more),
even when the N=20 shell closure is absent (see below). As such, it is
concluded that the ground state has been observed.
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In the case of 70, a decay energy of Ey,; =1.09 + 0.04(stat) + 0.02
(syst) MeV was found. The width of the resonance was comparable with
the estimated experimental resolution of 0.22 MeV (FWHM). Neverthe-
less, it was possible to obtain an upper limit on the width—0.18 MeV
(68% confidence interval)—through afit of a gated E;, spectrum for
the much higher statistics **0 and two-neutron coincidence events, as
shownin Extended DataFig. 2f. The spin and parity (/™) of the resonance
may be tentatively assigned to be 3/2" or 7/2” based on the upper limit
of the width (see Methods).

Comparisonwith theory

The experimental ground-state energies of the oxygen isotopes
5280 are summarized in Fig. 3 and compared with theoretical calcula-
tions based on chiral effective field theory (YEFT)**¢ and large-scale
shell-model calculations®¥, including those with continuum effects®,
We focus onlarge-scale shell-model and coupled-cluster calculations,
in which the latter is augmented with a new statistical method. Both
techniques include explicitly three-nucleon forces, which are known
to play akey role in describing the structure of neutron-rich nuclei,
including the oxygen isotopes and the location of the Z= 8 neutron
drip line at >0 (refs. 40-42).

The large-scale shell-model calculations were undertaken using
the new EEdf3 interaction, which was constructed on the basis of
XEFT (see Methods). Because the calculations use a model space
that includes the pf-shell orbitals, the disappearance of the N=20
shell closure can be naturally described. The EEdf3 interaction is a
modified version of EEdf1 (refs. 31,32), which correctly predicts the
neutron drip line at F, Ne and Na, as well as a relatively low-lying *F
excited state” and the appreciable occupancy of the neutron 2p,,,
orbital*’®. The EEdf3 interaction, which includes the effects of the
EFT three-nucleon forces*, provides a reasonable description of
the trends in the masses of the oxygen isotopes. However, as may
be seen in Fig. 3, it predicts slightly higher ?%0 energies (about
1MeV) than found in the experiment. The calculated sum of the
occupation numbers for the neutron pf-shell orbitals is 2.5 (1.4) for
0 (¥0) and for the 1d,, orbital 2.0 (2.1), which are consistent with
a collapse of the N =20 shell closure. The EEdf3 calculations show
that ®0,, has large admixtures of configurations involving neutron
excitations in the pf-shell orbitals, as expected for nuclei in the
lol. This is supported by the measured cross-section as discussed
below.

First-principles calculations were performed using the coupled-
cluster (CC) method guided by history matching (HM)***¢ to explore
the parameter space of the 17 low-energy constants (LECs) in the YEFT
description of the two-nucleon and three-nucleon interactions. HM
identifies the region of parameter space for which the emulated CC
method generates non-implausible results (see Methods). A reliable,
low-statistic sample of 121 different LEC parameterizations was
extracted, for which the CC posterior predictive distribution (ppd)
was computed for the ground-state energies of 220, which are
showninFig.3. The predicted ¥?®0 energies are correlated, asis clearly
seen in the plot of energy distributions shown in Extended Data
Fig. 3. From this, the median values and 68% credible regions
were obtained for the 0-%0 and #0-**0O energy differences:
AE(*"0) = 0.11;037 MeV and AE(*32*0) =2.1;}3 MeV. The experi-
mental values AE(*"*20) = 0.63 + 0.06(stat) + 0.03(syst) MeV and
AE(*82*0) = 0.4673:93(stat) £ 0.02(syst) MeV, located at the edge of
the 68% credible region, are consistent with the CC ppd. However, it is
far enough away from the maximum to suggest that only a few finely
tuned chiral interactions may be able to reproduce the 0 and 0
energies. Also, the obtained credible regions of the 7?0 energies with
respect to O are relatively large, demonstrating that the measured
decay energies of the extremely neutron-rich isotopes 220 are
valuable anchors for theoretical approaches based on YEFT.
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Fig.3|Ground-state energies with respect to2*0. Experimentis shown

by the black circles, in which the values for ??%0 are the present results and
those for2?°0 are taken from the atomic mass evaluation®*. The experimental
uncertainties are smaller than the symbol size. Comparisonis made with
predictions of shell-model calculations using the EEAf3 (refs. 31,32), USDB® and
SDPF-M?¥ (see text for 70) interactions, the coupled-cluster method with
thestatistical approach (CC) and shell-model calculationsincorporating
continuum effects (CSM* and GSM>). Also shown are the predictions of ab
initio approaches (VS-IMSRG*}, SCGF* and A-CCSD(T)*®). The vertical bars

for CCdenote 68% credibleintervals. The shaded band for GSM shows the
uncertainties owing to pf-continuum couplings.

In Fig. 3, the predictions of a range of other models are shown. The
USDB’ effective interaction (constructed within the sd shell) provides
for arguably the most reliable predictions of the properties of sd-shell
nuclei. The continuum shell model (CSM)*® and the Gamow shell model
(GSM)¥ include the effects of the continuum, which should be impor-
tant for drip-line and unbound nuclei. The shell-model calculation
using the SDPF-M interaction® includes the pf-shell orbitals in its model
space, which should be important if either or both %0 lie within the
lol. All the calculations, except those with the SDPF-M interaction,
predicta/"=3/2"70. In the case of the SDPF-M, a 3/2" ground state
isfound with essentially degenerate 3/2" (energy plotted in Fig.3) and
7/2" excited states at 0.71 MeV.

The remaining theoretical predictions are based on YEFT interac-
tions. The valence-space in-medium similarity renormalization group
(VS-IMSRG)* uses the 1.8/2.0 (EM) EFT potential*. The results for the
self-consistent Green’s function (SCGF) approach are shown for the
NNLO,, (ref. 47) and NN+3N(Inl) potentials®*. The coupled-cluster
calculation (A-CCSD(T)*) using NNLO,,, is also shown. Except for the
results obtained using the GSM, all of the calculations shown predict
higher energies than found here for 70 and 0.

We now turn to the question of whether the N =20 shell closure
occursin?0. Specifically, the measured cross-section for single-proton
removal from *F may be used to deduce the corresponding spectro-
scopic factor (C2S), which isameasure of the degree of overlap between
initial and final state wavefunctions. As noted at the start of this paper,
the N=20 shell closure disappears in *F and the ground state is dom-
inated by neutron pf-shell configurations>® 8, As such, if the neutron
configuration of 20 is very similar to *F and the Z= 8 shell closure is
rigid, the spectroscopic factor for proton removal will be close to unity.
The spectroscopic factor was deduced using the distorted-wave



impulse approximation (DWIA) approach (see Methods). As recent
theoretical calculations predict/™ = 5/2* or1/2* for *F , (see, for exam-
ple, refs. 5,31,32,48-50), the momentum distribution has been inves-
tigated (Extended Data Fig. 4) and was found to be consistent with
proton removal from the 1ds,, orbital (see Methods), leading to a 5/2°
assignment. The ratio of the measured to theoretical single-particle
cross-section provides for an experimentally deduced spectro-
scopic factor of C%5 = 0.489:93(stat) + 0.05(syst). Suchanappreciable
strength indicates that the 20 neutron configuration resembles that
of ®F. This value may be compared with that of 0.68 derived from the
EEdf3 shell-model calculations (in which the centre-of-mass correction
factor® (29/28)* has been applied). The 30% difference between the
experimental C*S as compared with theory is in line with the well-known
reduction factor observed in (p, 2p) and (e, ¢’p) reactions®. Notably,
the EEAf3 calculations predict admixtures of the ground-state wave-
function of F with sd-closed-shell configurations of only 12%. Conse-
quently, even when the neutrons in 20 are confined to the sd shell, a
spectroscopic factor of only 0.13 is obtained. As such, it is concluded
that, as in *°F, the pf-shell neutron configurations play a major role in
0 and that the N = 20 shell closure disappears. Consequently, the lol
extends to 0 and it is not a doubly magic nucleus.

More effort will be required to properly quantify the character of
the structure of 0 and the neutron pf-shell configurations. In this
context, the determination of the excitation energy of the first2* state
is the next step that may be deduced experimentally”. The EEdf3 cal-
culations predict an excitation energy of 2.097 MeV, which is close to
that of approximately 2.5 MeV computed by the particle rotor model
assuming moderate deformation®. Both predictions are much lower
thanthe energies found in doubly magic nuclei, for example, 6.917 MeV
in'*0 and 4.7 MeV in O (refs. 21,23). A complementary probe of the
neutron sd-pfshell gap, which is within experimental reach, is the
energy difference between the positive-parity and negative-parity
states of 7O as seen in F (ref. 5).

Conclusions

We have reported here on the first observation of the extremely
neutron-rich oxygen isotopes ??20. Both nuclei were found to exist
as relatively low-lying resonances. These observations were made
possible using a state-of-the-art setup that permitted the direct
detection of three and four neutrons. From an experimental point
of view, the multineutron-decay spectroscopy demonstrated here
opens up new perspectives in the investigation of other extremely
neutron-richsystemslying beyond the neutrondrip line and the study
of multineutron correlations. Comparison of the measured energies
of 7720 with respect to >*O with a broad range of theoretical predic-
tions, including two approaches using nuclear interactions derived
from effective field theories of quantum chromodynamics, showed
that—inalmostall cases—theory underbinds both systems. The statis-
tical coupled-cluster calculations indicated that the energies of 7?50
can provide valuable constraints of such ab initio approaches and, in
particular, the interactions used. Finally, although 20 is expected in
the standard shell-model picture to be a doubly magic nucleus (Z=8
and N=20), the single-proton removal cross-section measured here,
when compared with theory, was found to be consistent with it not
having a closed neutron shell character. This result suggests that the
lol extends beyond **?°F into the oxygen isotopes.
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Methods

Production of the F beam

The beam of F ions was provided by the RIBeam Factory operated by
the RIKEN Nishina Center and the Center for Nuclear Study, University
of Tokyo. It was produced by projectile fragmentation of an intense
345-MeV-per-nucleon **Ca beam on a 15-mm-thick beryllium target.
The secondary beam, including °F, was prepared using the BigRIPS*
fragment separator operated with aluminium degraders of 15 mm
and 7 mm median thicknesses at the first and fifth intermediate focal
planes, respectively. The primary **Ca beam intensity was typically
3 x102particles per second. The average intensity of the ”F beam was
90 particles per second.

Measurement with a*’Ne beam

Datawerealso acquired to measure the direct population of 7O through
two-proton removal from ?Ne. The beam was produced in a similar
manner to that for *F and the energy was 228 MeV per nucleon with
anaverage intensity of 8 x 10® particles per second.

Unfortunately, in this measurement, the cross-section for the two-
proton removal was much lower than expected and the statistics
obtained for *0+3n coincidence events was too low to be usefully
exploited. Nevertheless, the decay of O could be identified from
the **0+2n coincidence data. As may be seen in Extended DataFig. 2e,
the three-body decay-energy (£,,,) spectrum gated by £, < 0.08 MeV,
corresponding to selection of the 2°0 ground-state decay, exhibits
aclear peak at around 1 MeV. As the simulations demonstrate, this is
consistent with the sequential decay of the O resonance observedin
the ®F beam data (Fig. 2¢).

Invariant-mass method

The invariant mass of 220, M(*®0), was reconstructed from the
momentum vectors of all the decay particles (**O and 4n) with
M(%0)= /(X E)*~ 1% p,?, in which £;and p; denote the total energy
and momentum vector of the decay particles, respectively. The decay
energy is then obtained as £y, = M(**0) - M(**O) - 4M,, inwhich M(**O)
and M, are the masses of *O and the neutron, respectively. The
decay-energy resolution is estimated by Monte Carlo simulations.
Theresolution (FWHM) varies as afunction of the decay energy approxi-
mately as 0.14(E 34 + 0.87)°5 MeV.

Simulations

The experimental response functions, for both the full and partial
decay-energy spectra, were derived from a Monte Carlo simulation
based on GEANT4 (ref. 56). All relevant characteristics of the setup
(geometrical acceptances and detector resolutions) were incorpo-
rated, as well as those of the beam, target and reaction effects. The
QGSP_INCLXX physics class was used to describe the interactions of the
neutrons in the detectors (as well as non-active material), as it repro-
duces well the experimentally determined single-neutron detection
efficiency as well as the detailed characteristics of neutron crosstalk
events®*®, The generated events were treated using the same analysis
procedure as for the experimental data. The overall efficiency as a
function of decay energy for detecting *O and three and four neutrons,
as estimated by the simulations, is shown by the insets of Extended
Data Fig. 1.

Fitting of decay-energy spectra

The energies, widths and amplitudes of the resonances, as modelled
byintrinsiclineshapeswithaBreit-Wigner formwithenergy-dependent
widths, were obtained through fits of the corresponding decay-energy
spectra using the maximume-likelihood method, in which the experi-
mental responses were obtained by the simulations. As the decays of
both#0and 0 proceed through the 0 ground state (18 keV (ref. 27)),
the width of whichis very small, the observed widths will be dominated

by the one-neutron and two-neutron decay, respectively, to 0. We
assume an £3,,,, dependence of the width for the 2n emission® to 0
in the case of 0 and an energy dependence for the width of the
single-neutron emission® from #0 to %°0. Fits with orbital angular
momentum (L) dependent widths (L =2 and 3) for the latter gave con-
sistent results within the statistical uncertainties.

Anon-resonant componentis notincludedinthefittingasitissmall,
ifnot negligible, asin the cases of *?°0 producedin one-proton-removal
reactions in previous experiments* ., The event selection with
Ey1» < 0.08 MeV should further reduce any such contribution. Asaquan-
titative check, a fit with a non-resonant component—modelled with a
lineshapegivenby p,./Eqrp3 €Xp (=p,Eorp3), inwhich p, and p; arefitting
parameters—has been examined. This gives 8% reduction in the 20
cross-section with avery limited impact onthe energies and widths of
the 0 resonances.

Neutron crosstalk

A single beam-velocity neutron may scatter between individual plas-
tic scintillator detectors of the three neutron walls of the setup. Such
crosstalk events can mimic true multineutron events and present a
source of background. By examining the apparent kinematics of such
events and applying so-called causality conditions, this background
can be almost completely eliminated®”*, Notably, both the rejection
techniques and therate and characteristics of the crosstalk have been
benchmarked in and compared with the simulations for dedicated
measurements with single-neutron beams.

Inthe case of the four-neutron detection to identify 20, only 16% of
the events arise from crosstalk that could not be eliminated (Fig. 2a).
Most of these residual crosstalk events arise in cases in which one (or
occasionally more) of the neutrons emitted in the decay of 20 is subject
to crosstalk. Amuch smaller fractionis also estimated to be produced
when one of the three neutrons from the decay of 70, produced directly
by proton and neutron knockout, undergoes crosstalk. Notably, the
crosstalk cannot generate a narrow peak-like structure in the Eg»;,
decay-energy spectrum.

Partial decay energy of subsystems

The partial decay energies of the *O+xn subsystems can be used to
investigate the manner in which 0 decay. In this analysis, the decay
neutrons are numbered (n,, n,,...) by ascending order of two-body rela-
tive energy E,;between **0 and n,, thatis, such that, £y, < Ey, < Eg3 < Eq,.
Of particular interest here is the extremely low decay energy of the
260 ground state (18 keV (ref. 27)), such that it appears just above zero
energy (or the neutron-decay threshold) in the two-body partial decay
energy E,, and three-body partial decay energy (E,y,).

Extended DataFig. 2a,b shows the distributions of the partial decay
energies F,;, and E,,, for the *O+4n coincidence events with a total
decay energy £y, <1 MeV. The resulting sharp threshold peak in
the Eyy, spectrum is a clear sign of sequential decay through the 20
ground state. Thisis confirmed quantitatively by asimulation assuming
two-neutron emission to the 0 ground state, which—in turn—decays
by two-neutron emission to the >*O ground state, which describes
well the £y, and E;, spectra. By comparison, a simulation assuming
five-body phase-space decay fails to reproduce both of these spectra.
We thus conclude that the 20 ground state sequentially decays through
the 20 ground state as depicted in Fig. 2e.

Inasimilar vein, the sequential decay of 70 through the 0 ground
state was identified from the analysis of the partial decay energies for
the #*0+3n coincidence events. Extended Data Fig. 2c,d show the dis-
tributions of the partial decay energies E,;, and E,; for events for which
1.0 < Ey,; < 1.2 MeV. The E;, spectrum exhibits a strong enhancement
at zero energy indicative of sequential decay through the 0 ground
state. Thisinterpretationis confirmed by the comparison shown with
asimulation for the sequential decay of O including the contribution
from the decay of 0.
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Widths of the ”*®0 resonances

As the energy of the 20 resonance is lower than those of “0 and 0
(Fig. 2e), both one-neutron and three-neutron emission are energeti-
cally forbidden. The two-neutron decay to the 20 ground state and the
four-neutron decay to®*O are allowed with nearly equal decay energies.
The former decay should be favoured as the effective few-body centrifu-
gal barrier increases according to the number of emitted particles®.
It may be noted that the upper limit of 0.7 MeV observed here for the
20 resonance width is consistent with the theoretical estimates for
its sequential decay®.

The upper limit for the 0 width (0.18 MeV) may be compared with
the single-particle widths® for neutron decay. Because the width of
20 is very narrow owing to the extremely small decay energy (18 keV
(ref.27)), the 0 width should be dominated by that for the first step
70 » 20+n. The widths for s-wave, p-wave, d-wave and f-wave neutron
emission are 5,3, 0.8 and 0.06 MeV, respectively. Assuming that the
corresponding spectroscopic factors are not small (20.1), this would
suggest that the decay occurs through d-wave or f~wave neutron emis-
sion. Assuch, the spinand parity of the O resonance may be tentatively
assignedtobe3/2"or7/2".

Momentum distribution
Extended DataFig.4 shows the transverse momentum (P,) distribution
of the2*O+3n systemin the rest frame of the *F beam for events gated
by Ey, < 0.08 MeV and £,,;<0.8 MeV, that is, events corresponding to
population of the 20 ground state. We note that this analysis used the
20+3n events, as the limited >*O+4n statistics could not be usefully
exploitedin distinguishing between the momentum distributions for
the proton knockout from different orbitals. Even though the momen-
tum distribution is slightly broadened by the undetected decay neu-
tron, it still reflects directly the character of the knocked out proton.
The experimental P, distribution is compared with DWIA reaction
theory calculations (see below) for knockout of a proton from the 1ds,,
and 2s,, orbitals. The theoretical distributions are convoluted with
the experimental resolution, as well as the much smaller broadening
induced by the undetected neutron (o = 34 MeV/c). The best-fit nor-
malization of the theoretical distribution obtained by the distorting
potential with the Dirac phenomenology (microscopic folding-model
potential) through a x> minimization gives reduced-y* values of 2.0
(2.0) for the 1dy;, proton knockout and 3.7 (4.7) for the 2s,,, knockout.
ThecurvesinExtended DataFig. 4 represent the calculations obtained
by the distorting potential with the Dirac phenomenology. The better
agreement for the 1d;,, proton knockout suggests that the spin and
parity of the F ground state is 5/2*, as predicted by the shell-model
calculations, including those using the EEdf3 interaction.

EEdf3 calculations

The EEdf3 Hamiltonian® is a variant of the EEdf1 Hamiltonian, which
was used in ref. 32 for describing F, Ne, Na and Mg isotopes up to the
neutrondrip line®. The EEdfl1 Hamiltonian was derived from yEF T inter-
action, as described below. The YEFT interaction proposed by Entem
and Machleidt®®®* was taken with A =500 MeV, as the nuclear force in
vacuum, up to the next-to-next-to-next-to-leading-order (N°LO) in the
XEFT.Itwas then renormalized using the V., approach®** withacut-
offofA,,bw.k =2.0 fm’", to obtain a low-momentum interaction decou-
pled from high-momentum phenomena. The EKK method®¢ *® was then
used to obtain the effective NN interaction for the sd-pf shells, by
including the so-called Q-box, which incorporates unfolded effects
coming from outside the model space®, up to the third order and its
folded diagrams. As to the single-particle basis vectors, the eigenfunc-
tions of the three-dimensional harmonic oscillator potential were taken
as usual. Also, the contributions from the Fujita-Miyazawa three-
nucleon force (3NF)”°were added in the form of the effective NN inter-
action*®. The Fujita-Miyazawa force represents the effects of the virtual

excitation of anucleon to a A baryon by pion-exchange processes and
includes the effects of A-hole excitations, but does not include other
effects, such as contact (¢, and ¢;) terms.

In this study, we explicitly treat neutrons only, whereas the pro-
tons remained confined to the °O closed-shell core. As such, there
is no proton-neutron interaction between active nucleons, and the
neutron-neutron interaction is weaker. As this increases the relative
importance of the effects from 3NF, we use the more modern 3NF of
Hebeler et al.**, which is expected to have finer details and improved
properties. We obtain effective NN interactions from this 3NF first by
deriving density-dependent NN interactions from them” and then by
having the density dependence integrated out with the normal den-
sity. It was suggested that this 3NF produces results similar to those
reported inref. 32 for the F, Ne, Na and Mg isotopes. As a result of this
change, the single-particle energies are shifted for the 1d;,, and 2s,,
orbitals by —0.72 MeV, for the 1d,, orbital by —0.42 MeV and for the
pf-shell orbitals by 0.78 MeV.

Coupled-cluster calculations and emulators
The starting point for the calculations is the intrinsic Hamiltonian,

H=Tiin= Teomt unt Vunn 1

Here T, isthekinetic energy, T,y the kineticenergy of the centre of
mass and Vy and Vy\are nucleon-nucleon and three-nucleon poten-
tials from yEFT®*”>” and include Deltaisobars™. The momentum space
cutoff of this interaction is A =394 MeV/c.

We used the coupled-cluster method” ® with singles-doubles and
perturbative triples excitations, known as the CCSDT-3 approxima-
tion®*®, to compute the ground-state energy of 20, and the particle-
removed equation-of-motion (EOM) coupled-cluster method from
refs. 84,85 for the ground-state energy of 0. The coupled-cluster
calculations start from a spherical Hartree-Fock reference of 0 in
amodel space of 13 major harmonic oscillator shells with an oscilla-
tor frequency of hw =16 MeV. The three-nucleon force is limited to
three-body energies up to £, = 14hw. For energy differences, the
effects of model-space truncations and coupling to the scattering con-
tinuum are smalland were neglected in the history-matching analysis.

The LECs of this interaction are constrained by a history-matching
approachusing high-precisionemulators enabled by eigenvector con-
tinuation®. 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 ANNLO,(394) potential” serves as a
starting point around which we select emulator training points accord-
ing to a space-filling lattice hypercube design for which we perform
coupled-cluster computations of ground-state energies, radii and
excited states of '“****Q (see Extended Data Table 1 for details). Keep-
ing track of the variations of the observables and the corresponding
coupled-cluster eigenstates as the low-energy constants are varied
allows usto construct an emulator that canbe used to predict the results
for new parameterizations. This emulator strategy is rather general®
and possible because the eigenvector trajectory generated by con-
tinuous changes of the LECs only explores arelatively small subspace
of the 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. 88 to excited states and increased the precision by includ-
ing triples excitations by means of the CCSDT-3 and EOM-CCSDT-3
methods, respectively. Our SP-CC emulators use up to 68 training
points for each observable of interest and use model spaces consisting
of11major harmonic oscillator shells. We checked the precision of each
emulator by performing emulator diagnostics®: confronting the emula-
tor predictions with the results of actual coupled-cluster computations;



see Extended Data Fig. 5. Once constructed, the emulators are inex-
pensive computational tools that can precisely predict the results for
virtually arbitrary parameterizations of the EFT potentials. This allows
usto explore several hundred million parameterizations with the com-
putational cost of only afew hundred actual coupled-cluster computa-
tions. The use of emulation hence represents acritical advance, which
facilitates a far deeper analysis of the coupled-cluster method that was
previously infeasible owing to the substantial computational expense
ofthe coupled-cluster calculations. Hence, these techniques overcome
asubstantial 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 abinitiomodel predictions M(6), in which 8 denotes the parameter
vector of the theoretical model, as

z=M(0) + €method * €model * €exp- (2)

Inthisrelation, we consider experimental uncertainties, €, as well
asmethod approximation errors, €..oq- I N€ latter represent, for exam-
ple, model-space truncations and other approximations in the ab ini-
tio many-body solvers and are estimated from method-convergence
studies™. Most notably, we acknowledge the fact that, even if we were
to evaluate the model M(6) atits best possible choice of the parameter
vector, 8%, the model output, M(6*), would still not be in exact quanti-
tative agreement with reality owing to, for example, simplifications
and approximations inherent to the model. We describe this dif-
ference in terms of a model discrepancy term, €,.4.- The expected
EFT-convergence pattern of our model allows us to specify further
probabilistic attributes of €,,,4, @ priori®®*>. We use the model errors
defined inref. 94. The use of emulators based on eigenvector continu-
ation®%8 provides us with an efficient approximation, M(6), of the
model. This approach entails an emulator error €.y SUch that
M(B) = M(6) + €mylator 3S OUtlined in the previous section.

Obviously, we do not know the exact values of the errors in equa-
tion (2), hence we represent them as uncertain quantities and specify
reasonable forms for their statistical distributions, in alignment with
the Bayesian paradigm. This allows for these uncertainties to be for-
mally incorporated in all subsequent calculations and inferences. We
also assume that the errors add independently of each other and the
inputs 6.

Coupled-cluster calculations: HM

Inthis work, we use aniterative approach for complex computer mod-
elsknown asHM***¢, in which the model, solved at different fidelities,
isconfronted with experimental datazusingtherelationin equation (2).
The aim of HM is to estimate the set Q(z) of values for 6, for which the
evaluation of amodel M(6) yields an acceptable—or atleast notimplau-
sible (NI)-matchtoaset of observations z. HM has beenused in various
studies®™ ?’ ranging, for example, from effects of climate modelling®®*°
to systems biology*®. This work represents the first application in
nuclear physics. We introduce the standard implausibility measure

o IMO)-z)
PO =max. W6 -2)" )
whichis afunction over the input parameter space and quantifies the
(mis-)match between our (emulated) model output M(B) and the obser-
vation z;for all observablesiin the target set Z. This specific definition
uses the maximum of the individual implausibility measures (one for
each observable) as the restricting quantity. We consider a particular
value for @ as implausible if /(6) > ¢,= 3.0 appealing to Pukelsheim’s
three-sigma rule'®°. In accordance with the assumptions leading to
equation (2), the variance in the denominator of equation (3) is asum
ofindependent squared errors. Generalizations of these assumptions

arestraightforward if furtherinformation onerror covariances or pos-

sible inaccuracies in our error model would become available. An

important strength of the HM approach is that we can proceed itera-
tively, excluding regions of input space by imposing cutoffs onimplau-
sibility measures that can include further observables z; and

corresponding model outputs M, and possibly refined emulators M,

astheiterations proceed. The iterative HM proceeds in waves accord-

ing to a straightforward strategy that can be summarized as follows:

1. Atiterationj:evaluate aset of model runs over the current Nl volume
Q, using a space-filling design of sample values for the parameter
inputs 6. Choose arejection strategy based on implausibility meas-
ures for aset Z; of informative observables.

2. Construct or refine emulators for the model predictions across the
current non-implausible volume Q.

3. The implausibility measures are then calculated over Q;, using the
emulators, and implausibility cutoffs are imposed. This defines a
new, smaller Nlvolume Q,,; that should satisfy 9;,; € Q;.

4. Unless (i) the emulator uncertainties for all observables of interest
are sufficiently smallin comparison with the other sources of uncer-
tainty, (ii) computational resources are exhausted or (jii) all consid-
ered points in the parameter space are deemed implausible, we
include any further informative observables in the considered set
Z;,andreturntostep 1.

5. If 4(i) or (ii) is true, we generate a large number of acceptable runs
fromthe final Nl volume Qg..;, sampled according to scientific need.

The ab initio model for the observables we consider comprises
at most 17 parameters; four subleading pion-nucleon couplings,
11 nucleon-nucleon contact couplings and two short-ranged three-
nucleon couplings. Toidentify a set of Nl parameter samples, we per-
formed iterative HM in four waves using observables and implausibility
measures as summarized in Extended Data Table 1. For each wave, we
use asufficiently dense Latin hypercube set of several million candidate
parameter samples. For the model evaluations, we used fast compu-
tations of neutron-proton (np) scattering phase shifts and efficient
emulators for the few-body and many-body observables listed. See
Extended Data Table 2 for the list of included observables and key
information for each wave. The input volume for wave lincluded large
ranges for the relevant parameters, as indicated by the panel ranges
in the lower-left triangle of Extended Data Fig. 6. In all four waves,
the input volume for ¢, , ;, is a four-dimensional hypercube mapped
onto the multivariate Gaussian probability density function (pdf)
resulting from a Roy-Steiner analysis of mN scattering data’®. Inwave 1
and wave 2, we sampled all relevant parameter directions for the set
of included two-nucleon observables. In wave 3, the extra *H and *He
observables were added. Asthey are known to be insensitive to the four
model parameters acting solely in the P-wave, we therefore ignored
this subset of the inputs and compensated by slightly enlarging the
corresponding method errors. This is awell-known emulation proce-
dure called inactive parameter identification**. For the final iteration,
that is, wave 4, we considered all 17 model parameters and added a
set of observables for the oxygen isotopes '*?>**0 and emulated the
model outputs for 5 x 108 parameter samples. Extended Data Fig. 6
summarizes the sequential NI volume reduction, wave-by-wave, and
indicates the set Q, of 634 NI samples after the fourth and final wave.
Thevolumereductionis guided by theimplausibility measurein equa-
tion (3) and the optical depths (see equations (25) and (26) inref. 46),
inwhichthelatterareillustrated in the lower-left triangle of Extended
DataFig. 6. The NIsamples summarize the parameter region of inter-
est and can directly aid insight about interdependencies between
parametersinduced by the matchto observed data. Thisregionis also
thatinwhich we would expect the posterior distribution toreside. We
see that the iterative HM process trains a nested series of emulators
that become more and more accurate over this posterior region, as
theiterations progress.
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Coupled-cluster calculations: Bayesian posterior sampling

The NI samples in the final HM wave also serve as excellent starting
points for extracting the posterior pdf of the parameters 6, that is,
p(61A =2-24). Tothis end, we assume anormally distributed likelihood,
according to equation (2), and a uniform prior corresponding to the
initial volume of wave 1. Note that the prior for ¢, , ; . is the multivariate
Gaussian resulting from a Roy-Steiner analysis of mN scattering data'®".
We sample the posterior using the affine invariant Markov chain Monte
Carlo (MCMC) ensemble sampler emcee'*® and the resulting distribu-
tion is shown in the upper-right triangle of Extended Data Fig. 6. The
sampling was performed with fourindependent ensemble chains, each
with150 walkers, and satisfactory convergence was reached (diagnosed
using the Gelman-Rubin test with|R — 1| <10™*in all dimensions). We
performed 5 x 10°iterations per walker—after an initial warmup of 5,000
steps—and kept one final sample for every 500 steps. Combining all
chains, we therefore end up with 4 x 150 x 1,000 = 6 x 10°final samples.
Also, we explored the sensitivity of our results to modifications of the
likelihood definition. Specifically, we used a Student’s ¢-distribution
(v=5)toseetheeffects of allowing heavier tails, and we introduced an
error covariance matrix to study the effect of correlations (p = 0.6)
between selected observables. In the end, the differences in the
extracted credibility regions were not great and we therefore present
only results obtained with the uncorrelated, multivariate normal dis-
tribution (see Extended Data Table 3).

A subset of marginal ppds is shown in Extended Data Fig. 7. Clearly,
asubset of 100 samples provides an accurate low-statistics represen-
tation of this marginalized ppd. We exploit this feature in our final
predictions for ¥*0 presented in the main text. Note that the ppd
does not include draws from the model discrepancy pdf. To include
information about the 20 separation energy with respect to >0,
we perform a straightforward Bayesian update of the posterior pdf
p(6]A =2-24) for the LECs. This complements the statistical analysis of
the ab initio model with important information content from an odd
and neutron-rich oxygenisotope. Using the pdf p(6|4 = 2-24), we draw
500 model predictions for AE(***0) and account for all independent
and normally distributed uncertainties according to Extended Data
Table 1. Next, we draw 121 different LEC parameterizations from the
revised posterior and use coupled cluster to compute the correspond-
ing ground-state energies of **0. The full bivariate ppd for the *0-**O
and?”0-?0 energy differences, AE(****0) and AE(**%0), with associated
credible regions, are shown in Extended Data Fig. 3. The effect of the
continuumon the energy difference was estimated tobe about 0.5 MeV
inref. 36 and was neglected in this work. We note that our ability to
examine the full ppd for these expensive ab initio calculations provides
welcome further insight, which is a direct consequence of the use of
the HM procedure. We note that a sufficiently precise determination
of AE(*3**0) and AE(*’*®0) requires wave 4 in the HM and also using the
separation energy AE(***°0) for the construction of the pdf. Without
inputabout®0, the separation energy AE(*?%0) becomes too uncertain
to be useful. It is in this sense that a sufficiently precise prediction of
AE(*’?20) is finely tuned and cannot be based only on the properties
of light nuclei up to *He. Changes in the LECs that have small impact
in few-nucleon systems are magnified in *0. Apparently, one needs
information aboutall nuclear shells, including the sd shell, to meaning-
fully predict this key nucleus.

DWIA calculations

The DWIA1931%* describes proton-induced proton knockout—(p, 2p)—
processes as proton-proton (pp) elastic scattering. This is referred to as
theimpulse approximation, whichis considered to be valid atinterme-
diate energies whenboth outgoing protons have large momenta with
respectto the residual nucleus. The DWIA approach hasbeen success-
fulin describing proton-induced knockout reactions; in ref. 52, it was
shown that the spectroscopic factors deduced from (p, 2p) reactions

for the single-particle levels near the Fermisurface of several nucleiare
consistent with those extracted from electron-induced (e, e’p) reac-
tions. The transition matrix of (p, 2p) processes within DWIA theory is
given by T, = (XiX:lt,lX0®,), inwhich x; are the distorted waves of the
incoming proton (0) and the two outgoing protons (1and 2), whereas
¢, is the normalized bound-state wavefunction of the proton inside
the nucleus. The pp effective interaction is denoted by ¢, the absolute
square of which is proportional to the pp elastic cross-section. The
non-locality corrections'® to both y;and ¢, are taken into account, as
well as the Mgller factor'® for ¢,, that guarantees the Lorentz invari-
ance of the pp reaction probability. The (p, 2p) cross-sectionis given by
FinC’SIT 5,1, with £, being a kinetic factor and C*S the spectroscopic
factor.

Inthis study, the cross-sectionintegrated over the allowed kinemat-
icsof the outgoing particles was calculated. We used the Franey-Love
parameterization'” for ¢,, and the Bohr-Mottelson single-particle
potential'®® to compute ¢,. We have used two types of the one-body
distorting potential to obtain y—specifically, the Dirac phenomenol-
ogy (set EDAD2 (ref. 109)) and a microscopic folding model potential
based on the Melbourne G-matrix interaction"® and one-body nuclear
densities calculated with the Bohr-Mottelson single-particle model'®.
Itwas found that the difference inthe (p, 2p) cross-sections calculated
with the two sets of distorting potentials was at most 7.5%. Also, they
give almostidentical shapes for the momentum distributions. Assuch,
we have used here the average value of the cross-sections for each
single-particle configuration.

Data availability

Source data for Fig. 2a-c and Extended Data Figs. 2a—-f and 4 are pro-
vided with this paper. All of the other relevant data that support the
findings of this study are available from the corresponding author on
reasonable request.

Code availability

Our unpublished computer codes used to generate the results reported
in this paper are available from the corresponding author on reason-
ablerequest.
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Extended DataFig.1|Schematic view of the experimental setup. The insets show the overall efficiency as a function of decay energy for detecting >0 and four
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f, Decay-energy spectrum of 2*O+2n events from the F beam. The grey
histogram represents events with £y, < 0.08 MeV. The red histogram shows the
best fitintheregion of the peak arising from the decay of the”’O resonance
(dashed histogram) and an exponential distribution (dotted curve) arising
fromall other contributions that come primarily from the decay of *0.
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AE(?"280) (MeV)

AE(240) (MeV)

density regions. The top and right distributions are the one-dimensional
probability density distributions. The values given by the other theories are
plotted assquares: green, USDB, GSM and CSM; red, SDPF-M and EEdf3; purple,

VS-IMSRG.

Extended DataFig. 3 | Probability distribution of the calculated energy
differences. Survived non-implausible calculations are shown by blue dots as
functions of energy differences AE(****0) and AE(***®0). The black circle shows
experiment. The dashed curvesindicate 68% and 90% highest probability
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Extended DataFig. 4| Transverse momentum distribution of the?*0+3n shown by the data points. The blueand red solid lines represent the DWIA
systemintherest frame of the >’F beam. Events corresponding to the calculations, including the experimental effects for s, ,, and d;, proton knockout,
population of the 20 ground state (E,;, < 0.08 MeV and E,,; < 0.8 MeV) are respectively, whereby the distributions have been scaled to best fit experiment.
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Extended DataFig. 5| Cross-validation of emulators. Upper-left panel, total panel, 2* excitation energies of *0 computed with the coupled-cluster method
energies of 0 computed with the coupled-cluster method in the CCSDT-3 inthe EOM-CCSDT-3 approximation versus the SP-CC emulator for a validation

approximation versus the SP-CC emulator for avalidation setof 100 parameter ~ set of40 parameter samples. Lower-right panel, distribution of residualsin
samples. Upper-right panel, distribution of residuals in percent. Lower-left percent.
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Extended DataFig. 6 | History-matching waves and Bayesian posterior
sampling. Lower-left triangle, the panel limits correspond to the input volume
ofwavel. Thedomainisiteratively reduced and the input volumes of waves 2,3
and4 areindicated by the green/dash-dotted, blue/dashed and black/solid
rectangles, respectively. The optical depths of non-implausible samplesin the
final wave areshowninred, with darker regions correspondingto adenser

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 normallikelihood function and a uniform prior bounded by the
first wave initial volume. Note that the relevant posterior regions are smallin
somedirectionsbutlargerinothers, suchascpandc;.
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Extended DataFig. 7| ppds for'¢*>>*0. MCMC samples of the ppd forselected ~ The 68% credible regions and the medians are indicated by dashed lines on the
oxygen observables. The black (maroon) histogram shows results obtained diagonal, whereas the solid, vertical grey (blue) lines show the experimental
withanuncorrelated, Gaussian likelihood (including a discrete probability target (prediction with the ANNLO,(394) interaction).

P(E, ;150> 010) =1). Thered histogramillustrates alow-statistics sample.



Extended Data Table 1| Error assignments used in the
statistical analysis

Target 4 Eexp Emodel Emethod €emulator
E(2H) -2.2298 0.0 0.05 0.0005 0.001%
rg (2H) 3.9030 0.0 0.02 0.0005 0.001%
Q(2H) 0.27 0.01 0.003 0.0005 0.001%
E(3H) -8.4818 0.0 0.17 0.0005 0.005%
E(*He) -28.2956 0.0 0.55 0.0005 0.005%
rg (4He) 2.1176 0.0 0.045 0.0005 0.05%
E('60) 127.62 0.0 0.75 1.5 0.5%
rg ('60) 6.660 0.0 0.16 0.05 1%
AE(22.16Q) -34.41 0.0 0.4 0.5 1%
AE(?4.220) -6.35 0.0 0.4 0.5 4%
E,+(240) 4.79 0.0 0.5 0.25 2%
AE(?5.240) 0.77 0.02 0.4 0.25 —

Energies in MeV, squared point-proton radii in fm?and the deuteron quadrupole moment in
e*fm? AE(***Q) is used in the Bayesian update step and the experimental target is from
Hoffman et al.?. This observable is computed in particle-attached coupled-cluster theory®
and does not involve an emulator.
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Extended Data Table 2 | Definitions of history-matching waves used in this work

Number of Number of NI samples
Wave Target set (Z) active parameters  input samples fraction
1 np phase shifts 5-7 105-107 10-1-10-4
2 A=2 7 108 2.3-107%
3 A=2-4 13 108 3.4-10°%
4 A=2-4,16-24 17 5-108 1.3:1076

The np phase shifts correspond to six targets (T,,,=1, 5, 25, 50, 100 and 200 MeV) for 'S, °S,, 'P,, °P,, °P, and °P, partial waves. The A=2 observables are E(*H), r,(*H) and Q(*H), whereas A=3 and 4
are E(°*H), E("He) and r,(*He). Finally, A=16-24 correspond to E(®0), r,("®0), the binding-energy differences AE(**?0), AE(**°0) and E,,(**O).



Extended Data Table 3 | Medians and 68% credible regions
(highest-density intervals) from the Bayesian posterior pdf
of xEFT model parameters obtained with MCMC sampling as
described in the text

Parameter median  68% credible region

Ci1sopp -0.343 [-0.360, -0.327]
Ci1sonp -0.339 [-0.352, -0.328]
C1sonn -0.337 [-0.349, -0.327]
Cast -0.258 [-0.272, -0.245]
Ciso 2.502 [2.377,2.785]
Caro 1.343 [1.217,1.600]
Cip1 -0.273 [-0.600, -0.115]
Cap1 -1.074 [-1.199, -0.834]
Cast 0.982 [0.803, 1.160]
Ce1 0.437 [0.358, 0.512]
Carz -0.920 [-1.032, -0.809]
c1 -0.740 [-0.760, -0.721]
2 -0.494 [-0.645, -0.347]
cs -0.645 [-0.841, -0.456]

ca 0.958 [0.861, 1.056]
o -0.460 [-1.955,0.175]
e -0.107 [-0.471, 0.196]
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