
Neutral nuclei

⦿ Do neutral nuclei exist?

○Odd-even staggering  ➝  even N

○Natural candidate  ➝  N = 4 (tetraneutron)

Multi-neutrons : Tetraneutrons ?g

! Well-established facts :

• dineutron is unbound

• neutron stars are bound

• masses of light nuclei :
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! Candidate systems ?

• odd-even staggering : even N

• ideally ‘magic’ numbers (?)

• hard to put many neutrons together !

→ N=4

! Biggest issues :

• production of a too n-rich system ...

• detection of a neutral object ...
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⦿ Candidates

○ Production of very neutron-rich systems

○Detection of a neutral object

⦿ Biggest issues



Tetraneutron: experiments

⦿ DEMON experiment @ GANIL, Caen

From GANIL ... to RIKENg

! The DEMON campaigns :

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

12/14Be
(C)−→ αα + 4/ 6n (’02)

15B
(C)−→ 14Be* → 4n (’05,’06)

. ! experimental program stopped ...

! MUST collaboration :

8He
(d)−→ 6Li [+ 4n ] (’02,’04)

. . . . . . . . . . . . . . . . . . . . . . . . . . .
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⦿ SHARAQ experiment @ RIKEN, Tokyo

From GANIL ... to RIKENg

! The DEMON campaigns :

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

12/14Be
(C)−→ αα + 4/ 6n (’02)

15B
(C)−→ 14Be* → 4n (’05,’06)

. ! experimental program stopped ...

! MUST collaboration :

8He
(d)−→ 6Li [+ 4n ] (’02,’04)

. . . . . . . . . . . . . . . . . . . . . . . . . . .

! Shimoura et al (SHARAQ) :

4He (8He,αα) 4n (’12)
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RIKEN : “Candidate Resonant Tetraneutron”g

Kisamori, Shimoura, PRL 116 (2016) 052501

4He (8He,αα) 4n

→ E(4n) = 0.8 ± 1.3 MeV !

→ Γ(4n) < 2.6 MeV

→ σ(4n) ∼ 4 nb
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4He (8He,αα) 4n

→ E(4n) = 0.8 ± 1.3 MeV !

→ Γ(4n) < 2.6 MeV

→ σ(4n) ∼ 4 nb
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the neutron energy distributions exhibit two components:
the neutrons from the breakup of the projectile !distribution
centered close to the beam velocity, "30 MeV/nucleon# and
low-energy neutrons evaporated by the excited target-like
residue. In the case of 15B, the neutrons arising from breakup
are shifted to higher energies due to the higher energy of the
beam, and therefore the ratio of background to neutrons is
still relatively high at 11 MeV/nucleon !dotted lines in Fig.
4#. A limit of En!15–18 MeV/nucleon was thus imposed
for the 15B data.

III. RESULTS

The detection of neutrons produced in the reaction
(14Be, 12Be"n) is displayed in Fig. 3; a channel in which An
clusters should be absent. We observe that the flat distribu-
tion predicted for n-p scattering describes the data well, ex-
cept for a small fraction of events at low Ep /En . As noted
earlier, these correspond to reactions on 12C which always
generate smaller light outputs $31%.
The charged fragments produced in the breakup of the

beam particles were identified using the energy loss (&ESi)
and residual energy (ECsI) signals derived from the telescope
!Fig. 5#. One-dimensional spectra representing the particle
identification !PID# were constructed as $28,32%

PID!!&ESi"a #exp'#!ECsI#b #2/2c2(. !1#

The PID distribution for each beam !left panels in Figs. 6

and 7# exhibits peaks corresponding to isotopes of H, He, Li,
Be, and B. The parameters a, b, c of Eq. !1# were adjusted
using the Be isotopes $28%, in which the peaks corresponding
to 10,12Be are well resolved !Figs. 6 and 8#. The cross sec-

FIG. 4. Data from the reactions (AZ ,X"n) with 14Be, 11Li, and
15B beams !solid, dashed, and dotted lines, respectively#. Left-
top: neutron energy distribution; the shaded area corresponds to
the energy range used in the present analysis; the percentage of
events in the hatched area with Ep /En$1.4 is shown in the lower
panel as a function of the particle identification parameter defined in
Eq. !1#. Right-top: evolution with energy of the ratio of )- and
cosmic-ray events to neutrons detected in DEMON.

FIG. 5. Scatter plot of the energies deposited in the Si-CsI tele-
scope for the reaction (14Be,X"n). Symbols correspond to the
seven events in Fig. 6 with Ep /En$1.4. The horizontal band is
discussed in the text.

FIG. 6. Scatter plot and the projections onto both axes of the
particle identification parameter PID defined in Eq. !1# vs Ep /En
for the data from the reaction (14Be,X"n). The PID projection is
displayed for all neutron energies. The dotted lines correspond to
Ep /En!1.4 and to the region centered on the 10Be peak.
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Tetraneutron: theory

Bound 4n incompatible with other light nuclei

⦿ Ab initio calculations: contradictory results

(5/5) Too wide resonances ?g

Lazauskas, Carbonell, PRC 71 (2005) 044004 (3n)

Lazauskas, Carbonell, PRC 72 (2005) 034003 (4n)

• bind 4n with V4n = −Wρ e−ρ/ρ0

• follow resonances when W→ 0

→ 3rd quadrant (#(E)< 0, $(E)< 0)

→ ΓR = −2$(E) ∼ 15 MeV ...

Hiyama, PRC 93 (2016) 044004 (4n, 3n)

V3N(T ) =
∑

i=1,2

Wi(T ) e−ρ2/b2i

➤ ➤

➤ ➤

➤ ➤

➤

→ ε(4n)> 0
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set of NCSM eigenenergies Eλ. Following this route, we
obtain an excellent description of the selected Eλ with an
rms deviation of 5.8 keV with a ¼ 0.724 MeV−1=2,
b2 ¼ 0.448 MeV, c ¼ 0.941 MeV−5=2, and d ¼ −9.1×
10−4 MeV−4. The resulting predictions for the NCSM
eigenenergies are shown by solid lines in the upper panel
in Fig. 1, where we also describe well NCSM energies with
large enough Nmax and/or ℏΩ not included in the mini-
mization fit. We obtain also an excellent description of
NCSM-SS-HORSE-predicted phase shifts as is shown by
the solid line in Fig. 2.
However, the resonance parameters describing the loca-

tion of the S-matrix pole obtained by this fit are surprisingly
small: the resonance energy Er ¼ 0.186 MeV and the
width Γ ¼ 0.815 MeV. Note that, looking at the phase
shift in Fig. 2, we would expect the resonance at the energy
of approximately 0.8 MeV corresponding to the maximum

of the phase shift derivative and with the width of about
1.5 MeV—a resonance with these parameters is expected to
be observed experimentally according to the conventional
interpretation of the phase shift behavior. The contribution
of the pole term (5) to the phase shifts is shown by the
dashed line in Fig. 2. This contribution is seen to differ
considerably from the resulting phase shift due to sub-
stantial contributions from the background phase (7), which
is dominated by the terms needed to fulfill the low-energy
theorem δ ∼ k2Lþ1 and to cancel low-power terms in the
expansion of the resonant phase δrðEÞ. Such a sizable
contribution from the background in the low-energy region
impels us to search for additional poles or other singular-
ities giving rise to a strong energy dependence which would
be separate from the background phase.
After we failed to find a reasonable description of the

NCSM SS HORSE phase shifts with a low-energy virtual
state, we found the resolution of the strong background
phase problem by assuming that the S matrix has an
additional low-energy false pole at a positive imaginary
momentum [44]. We add the false term contribution [24]

δfðEÞ ¼ −tan−1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=jEfj

q
ð8Þ

to the phase shift to obtain the equation

δðEÞ ¼ ϕðEÞ þ δrðEÞ þ δfðEÞ; ð9Þ

replacing Eq. (4). This parametrization involves an additional
fitting parameter Ef. We obtain nearly the same quality
description of the selected 4n ground state energies with the
rms deviation of 6.2 keV with the parameters a ¼
0.701 MeV−1=2, b2 ¼ 1.089 MeV, c ¼ −27.0 MeV−5=2,
d ¼ 0.281 MeV−4, and a low-lying false pole at energy
Ef ¼ −54.9 keV. The respective 4n resonance at Er ¼
0.844 MeV and width Γ ¼ 1.378 MeV appears consistent
with what is expected from directly inspecting the 4n phase
shifts and what is predicted to be seen experimentally. The
parametrized phase shifts are shown by the solid line in Fig. 3
together with separate contributions from the resonant and
false pole terms. We note that corrections introduced by this
new parametrization to the solid lines in Figs. 1 and 2 are
nearly unseen in the scales of these figures.
Conclusions.—Our results with the realistic JISP16

interaction and the SS HORSE technique show there is
a resonant structure near 0.8 MeV above threshold with a
width Γ of about 1.4 MeV. Our preliminary NCSM SS
HORSE results with other NN potentials confirm the
conclusion of Ref. [17] that the tetraneutron resonance
should not be very sensitive to the choice of the NN
interaction: The 4n states at energies below a few MeVare
heavily influenced by the relative kinetic energy which, due
to the Pauli principle, receives a significant effective
attraction. This is the first theoretical calculation that
predicts such a low-energy 4n resonance, without altering

0 5 10 15 20 25 30
E [MeV]

0

30

60

90

120

150

180

δ 
[d

eg
re

es
]

Nmax= 10
           12
           14
           16
           18
SS HORSE
Resonance term

4n, gs

Resonance pole

FIG. 2. The 4 → 4 scattering phase shifts: parametrization with
a single resonance pole (solid line) and obtained directly from the
selected NCSM results using Eq. (2) (symbols). The dashed line
shows the contribution of the resonance term.

0 5 10 15 20 25 30
E [MeV]

-90

-60

-30

0

30

60

90

120

150

180

δ 
[d

eg
re

es
] Nmax= 10

           12
           14
           16
           18
SS HORSE
Resonance term
False pole term

4n, gs

Res. + False poles

FIG. 3. The same as Fig. 2 but for the parametrization with
resonance and false state poles. The dashed-dotted line shows the
contribution of the false state pole term.
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for 5;6;8n, while for Vijkl!T " 2# they are $358, $1370,
and $6690 MeV.

These enormous bindings indicate that matter will
collapse with such potentials. This is to be expected for
purely attractive many-nucleon potentials. One should add
a shorter-ranged stronger repulsion to obtain saturation.
Such a repulsion might improve the results for A % 6
nuclei. I studied this by using a repulsive term with
Yukawa radial forms of range 2m!. However, in order
to get any appreciable effect on 6He, the repulsive cou-
pling has to be made quite large; this then requires at least
a doubling of the attraction to still bind 4n; this results in
potentials that are so strong that the GFMC starts to
become unreliable. The apparent impossibility of correct-
ing the A " 6 results by such a term may also be seen
from the rms radii of the 4n reported above; they are
smaller than the experimental value for 6Li and reason-
able 6He radii. Thus, a short-ranged repulsion that still
leaves the 4n bound will certainly result in A " 6 nuclei
with too small rms radii.

In all of these cases, I have made isospin-conserving
modifications to the AV18/IL2 Hamiltonian; thus, there
have been T " 1 additions to the NN potential, or a T " 3

2
addition to the NNN potential, or a T " 2 addition to the
NNNN potential. One could modify the force only for nn
pairs or nnn triples or nnnn quadruples since the nuclear
force is least well determined for such systems. Such
changes would mean much larger charge-symmetry
breaking and charge-independence breaking potentials
than are presently accepted. But even so, the changes to
the NN force, if limited to just nn pairs, would still bind
two neutrons, which would change the experimental scat-
tering length from &$ 18 fm to a positive value. Such a
nn potential would still bind 6n and 8n. I estimate that it
would still increase the binding of 3H by 3 MeV while it
would have no effect on 3He. Thus, the Nolen-Schiffer
energy for the A " 3 system would be some 5 times too

large. Many of the devastating effects shown in Fig. 4
would similarly persist even if the potentials were limited
to nnn triples or nnnn quadruples.

The GFMC method is presently limited to local poten-
tials while meson-exchange potentials may contain sig-
nificant nonlocalities; thus, one might wonder if nonlocal
NN potentials could produce a bound 4n without binding
2n. As discussed, the negative-energy 4n produced by
modifying the NN force have very large ( > 7 fm) rms
radii and consist of dineutrons with rms radii of &3 fm.
These are much larger than the distances over which
nonlocalities are significant, so the limitation to local
potentials should not matter.

In conclusion, should the results of Ref. [1] be con-
firmed (Ref. [2] contains additional considerations of
background in these types of experiments), our current
very successful understanding of nuclear forces would
have to be severely modified in ways that, at least to
me, are not at all obvious.
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modifications to the AV18 potential; I also thank V. R.
Pandharipande for a critical reading of an early version of
the manuscript. The calculations were made possible by
generous grants of time on the Chiba City Linux cluster of
the Mathematics and Computer Science Division and
friendly-user access to the Jazz Linux cluster of the
Laboratory Computing Resource Center, both at
Argonne National Laboratory. This work is supported
by the U.S. Department of Energy, Nuclear Physics
Division, under contract No. W-31-109-ENG-38.
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Narrow resonance found at 0.8 MeV

Realistic 3N forces leads to very broad resonance



Tetraneutron: latest developments

⦿ New RIKEN experiment claims finding of a narrow 4N resonance

Nature | Vol 606 | 23 June 2022 | 679

of a tetraneutron system. The first indication for a possible bound 
tetraneutron was reported in 20022 from a break-up reaction of  
14Be into 10Be + 4n. The result stimulated several theoretical studies, all 
agreeing on the same conclusion: a bound tetraneutron state cannot 
be obtained theoretically without significantly changing our under-
standing of the nuclear forces9–11. However, the possibility of the 
four-neutron system existing as a resonant quasi-bound state with a 
very short lifetime on the order of a few 10−22 s, before decaying, has 
remained an open and challenging question. It was later found that the 
result reported in ref. 2 is also consistent with such a resonant state with 
the limit on its energy ≲E 2 MeVr  (ref. 3).

A decade later, in 2016, an indication of a tetraneutron resonance 
was reported4. A DCX reaction was used, but in contrast to previ-
ous attempts, this time the reaction was induced by a high-energy  
8He radioactive beam. 8He is the most neutron-rich bound isotope, and 
the 8He(4He, 8Be) reaction channel was investigated. The advantage of 
using a radioactive beam is the freedom of selecting the reaction partner  
in a so-called recoil-less production (without momentum transfer) 
of the four-neutron system. The energy of the state was found to be 
 Er = 0.8 ± 1.4 MeV, and an upper limit on its width was estimated as  
Γ ≤  2.6 MeV. However, owing to the large experimental uncertainty, the 
possibility of a bound state could not be excluded by this experiment.

In this work, we used the quasi-elastic knockout of an α-particle  
(4He nucleus) from a high-energy 8He projectile induced by a proton 
target to populate a possible tetraneutron state. The inverse-kinematics 
knockout reaction He(p, p He)8 4  at large momentum transfer is well 
suited because the 8He nucleus has the pronounced cluster structure 
of an α-core (4He) and four valence neutrons with small 4n centre- 
of-mass motion, such that after the sudden removal of the α-particle, 
a rather localized four-neutron system with small relative energy 
between the neutrons is produced, which may have a large overlap with 
a tetraneutron state12,13. The chosen kinematics at large momentum 
transfer between the proton and the α-particle ensures that the 
four-neutron system will recoil only with the intrinsic momentum of 
the 4He core in the 8He rest frame, without any further momentum 
transfer, thus allowing the recoil-less production. Furthermore, 
final-state interactions between the four neutrons and the charged 
particles are also minimized owing to the large momentum transfer, 
separating charged reaction partners from the neutron spectators in 
momentum space (Fig. 1).

The experiment took place at the Radioactive Ion Beam Factory 
operated by the RIKEN Nishina Center and the Center for Nuclear 
Study, University of Tokyo, using the Superconducting Analyzer for 
Multi-particles from Radio Isotope Beams (SAMURAI)14. A primary 
beam of 18O was directed onto a beryllium production target produc-
ing a cocktail of radioactive nuclei from fragmentation. The secondary 
8He beam was separated using the BigRIPS fragment separator and 
transported with an energy of 156 MeV per nucleon to a 5-cm-thick 
liquid-hydrogen target15 located at the SAMURAI spectrometer (Fig. 2).

The incoming beam was measured upstream of the target on an 
event-by-event basis using scintillators for charge identification as 
well as momentum measurement, and two drift chambers for tracking 
(Extended Data Fig. 1).

The outgoing charged fragments (α-particle and proton) emerging 
from the quasi-elastic scattering were detected using a combination of 
detectors downstream of the target. Three planes of silicon-strip detec-
tors, where each plane consists of two orthogonal layers enabling posi-
tion measurements in both horizontal and vertical directions, served 
for tracking, energy-deposition measurement and reconstruction 
of the reaction vertex inside the target (Extended Data Figs. 2 and 3).

Behind the silicon planes, both charged fragments were bent through 
the magnetic field of the SAMURAI spectrometer, which was oper-
ated at a nominal magnetic field of 1.25 T in the centre of the magnet.  
The experiment was designed to detect an α-particle and a proton that 
emerge from quasi-elastic scattering close to 180° in the centre-of-mass 

frame (Fig. 1). Under these kinematical conditions, their resulting out-
going momenta are very different from each other in the laboratory 
frame, as shown in Figs. 1 and 2. The knocked-out α-particle is slowed 
down from its initial momentum, that is, with the incoming beam veloc-
ity, to a momentum of about 330 MeV/c per nucleon after the reaction 
(where c is the speed of light). In contrast, the proton, which was at rest 
in the initial state, becomes the fastest particle in the reaction, gaining 
a typical momentum of about 860 MeV/c. At the focal plane, a drift 
chamber is used for tracking of the fragments after the magnet, and two 
scintillator walls located side by side, which cover a wide momentum 
range, are used for energy-deposition and time-of-flight measure-
ments. The α-particle and proton are identified from a combination 
of their measured energy deposition, each in a different scintillator 
wall, and their position in the drift chamber (Extended Data Fig. 4). 
Their momenta are determined precisely from their reconstructed 
trajectories through the SAMURAI spectrometer.

As no additional momentum is transferred to the neutrons in the 
reaction, they continue moving with nearly beam velocity and can be 
detected, in principle, by the neutron detectors placed at a forward 
angle behind the SAMURAI spectrometer. The detection efficiency for 
neutrons is much lower than that for charged particles and decreases 
quickly as a function of the number of detected neutrons. The small 
p–4He elastic cross-section at backwards centre-of-mass angles of less 
than 1 microbarn (ref. 16) resulted in the relatively low statistics of 422 
events obtained for the He(p, p He)8 4  reaction. These factors made it 
impossible to detect more than two neutrons in coincidence with the 
charged particles. Therefore, the neutron detection is not a part of the 
current study, aside from a consistency check (provided in Supple-
mentary Information) of the near recoil-less production of the free 
neutrons.

The combined selection of event-by-event identification of incom-
ing 8He-beam particles in coincidence with the knocked-out α-particle 
and the scattered proton defines the He(p, p He)8 4  channel. From a 
precise measurement of the momenta of the charged particles, the 
energy spectrum of the 4n system is reconstructed assuming energy 
and momentum conservation through the missing mass:

E E m= − − 4 , (1)4n miss
2

miss
2

nP

where Emiss (Pmiss) is the energy (momentum) component of the 
missing-momentum four-vector, and mn is the neutron mass. Using 

Laboratory frame
8He Target 

proton

4He

Zbeam

Centre-of-mass frame
Tc.m.  160°

Target proton

Scattered proton

Projectile 4He

Scattered 4He

S

Proton

Fig. 1 | Schematic illustration of the quasi-elastic reaction investigated in 
this work. Top: quasi-elastic scattering of the 4He core from a 8He projectile off 
a proton target in the laboratory frame. The length of the arrows represents the 
momentum per nucleon (the velocity) of the incoming and outgoing 
particles. Zbeam is the beam axis. Bottom: the equivalent p–4He elastic scattering 
in their centre-of-mass frame, where we consider reactions at backward angles 
close to 180°, θc.m. ≳ 160°. In this frame, the momentum of the proton balances 
that of the 4He, P P= −p 4He, that is, the proton is four times faster than the 4He.

[Duer et al. 2022]
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acceptance and detector resolutions. The experimental acceptance is 
not constant over the measured energy range. It is maximal in the region 

E20 MeV < < 40 MeV4n  (Extended Data Fig. 5).
The result of the χ2 minimization is presented by the solid blue curve 

in the left panel of Fig. 3, together with the individual contributions. 
The statistical significance of the peak structure is well beyond the 5σ 
level (Methods).

The probability of populating a four-neutron system in a resonant 
state after the sudden removal of the α-core in 8He is determined by the 
overlap of the 4n wavefunction in the final state and the relative motion 
of the four neutrons in the 8He initial state. This overlap integral defines 
the ratio of cross-sections for the population of the resonance and the 
non-resonant continuum. Unconvoluting with the acceptance of the 
set-up, following the energy dependence of equation (2), we extract a 
probability of Pr = 18.7 ± 2.3%. For comparison, the relative motion of 
the four neutrons studied in the COSMA model12,13 yields a probability 
of about 30%. This value is obtained by considering the hyperradius 
of 5.6 fm, whereas the resulting value from the fit to the experimental 
data is 5.0 ± 0.1 fm, which would yield a smaller probability to populate 
the resonant state.

Assuming a resonant state, its energy and width as determined from 
the fit are

E
Γ

= 2.37± 0.38(stat.) ± 0.44(sys.) MeV,
= 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV.

r

For comparison, Fig. 4 shows our result (full red symbol) together 
with the previous experimental result obtained from the DCX measure-
ment4 (open red symbol). The energy of the resonance is in agreement 
within the uncertainty, despite the fact that different reactions were 
used to probe the 4n system, and is also in agreement with the upper 
limit given in ref. 3.

From the theory side, there is no consensus among the different 
theories and their predictions are partly contradictory, although, there 
is a general agreement that a bound 4n does not exist. In 2003, Pieper10 
studied this possibility using Green’s function Monte Carlo calcula-
tions. His conclusion was that the existence of a bound 4n state has to 
be excluded, unless nuclear forces are drastically modified. However, 
his calculation suggested that a possible resonance might exist near 
2 MeV, but in such a case it must be very broad.

Using a similar approach, the quantum Monte Carlo (QMC) 
framework based on two-body and three-body chiral interac-
tions was used to calculate the energy of a 4n resonance5. The 

result supports the existence of a resonant state with an energy of 
2.1(2) MeV, while no prediction has been made for its width (blue 
band). An extended no-core shell model (NCSM) approach using 
a harmonic-oscillator representation predicts different resonant 
states (full stars) including their corresponding widths19 (see also 
ref. 20 cited in ref. 20). Calculations have been performed also in the 
framework of the no-core Gamow shell model (NCGSM)21. These 
resulted in Er ≈ 7 MeV and Γ ≈ 3.7 MeV (cross), where the conclu-
sion was in fact that the energy of a 4n resonance might be compat-
ible with the experimental value of ref. 4, albeit with a significantly 
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the neutrons in the final state, needs to be clarified by ab initio theories.
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theoretical calculation17 convoluted with the experimental acceptance and 
resolution, and the green curve represents the background from the two-step 
reaction.

⦿ New calculations explain it in terms of final-state (dineutron-dineutron) correlations

[Lazauskas et al. 2023]

8He. Our 8He model considerably simplifies the Pauli
principles action between the 4He core and the four valence
neutrons, which strongly enhances the 2nþ 2n cluster
separation as we have observed by comparing our results
with those neglecting Pauli forbidden states. Moreover, one
may expect that the full reaction mechanism amplifies the
contribution of the peripheral neutrons to the low energy
part of the response function. Actually, the neutrons staying
close to the core are more energetic and correlate stronger
with the core. They may gain some momenta with the core
removal, propelling their contribution into the high energy
peak of the missing mass spectra.
Up to this point we have considered that the removal of

the α particle from 8He is instantaneous and that this

process leaves the valence neutrons unaffected in the total
angular momentum Jπ ¼ 0þ state. This is certainly a very
good approximation, which proved to be successful even in
describing the high energy parts of the two- and four-
neutron response in [30], respectively, measured for the 6He
and 8He decays. For the sake of completeness, we have
simulated the effect of the core-recoil corrections, provided
by simple transition operators Ô in (7). We have considered
a set of symmetry allowed spin-orbit operators, having the
form Ô ¼

P
ifr⃗i ⊗ σ⃗igg, and delivering a transition to

four-neutron final states with Jπ ¼ g−. It turns out that
these transition operators generate remarkably similar
distributions, which almost coincide when weighted by
the statistical factor 1=ð2gþ 1Þ (see Fig. 2). Relative to the
unperturbed scenario Ô ¼ 1, the low energy peak is shifted
to higher energy and becomes broader. This seems to be a
consequence of the former operator imposing a spin-flip
and thus breaking the configurations where two resonant
1S0 dineutron pairs are present. On the contrary, the choice
Ô ¼

P
i r

2
i Y2ðr̂iÞ, imposing a final four-neutron configu-

ration with Jπ ¼ 2þ and allowing breakup into two 1S0
dineutrons with relative angular momentum L ¼ 2, results
in an even sharper low energy peak in the four-neutron
distribution than does Ô ¼ 1. This feature emerges regard-
less of the fact that, with the transfer of angular momentum
L ¼ 2, the four neutrons necessarily gain rotational energy;
this effect is nevertheless largely compensated by the
emphasized contribution of more peripheral valence neu-
trons via the factor r2i .
In order to understand better the emergence of a low-

energy peak in the four-neutron missing mass distribution,
we studied the impact of the dineutron-dineutron
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FIG. 1. Upper panel: dependence of the strength function S4n
on E4n for the range parameter ρ0 ¼ 2.5 fm. We have used
several nn potentials: AV18 (cross symbols), MT13 (blue empty
circles), χN3LO (red empty up triangles). They all show a
pronounced peak at E4n ≈ 2.5 MeV and the model dependence
is very weak (≤ 2%). We added a three-neutron force to χN3LO
(red empty inverted triangles) with no significant effect. Lower
panel: the strength function, broadened with the experimental
resolution of 2 MeV and convoluted with the experimental
acceptance, is compared to the measurement of [30]. Calcula-
tions, corresponding different ρ0, are performed for AV18 nn
interaction and normalized to the number of observed counts
below E4n ¼ 10 MeV.
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FIG. 2. Low energy four-neutron response functions calculated
with the AV18 nn interaction and ρ0 ¼ 2.5 fm. Different tran-
sition operators Ô were considered in order to visualize the effect
of the core-recoil corrections. The olive-dashed curve corre-
sponds to Ô ¼

P
4
i r

2
i Y2ðr̂iÞ; red-dotted together with the dashed-

dotted curves to Ô ¼
P

ifr⃗i ⊗ σ⃗igg, solid-black curve represents
the reference result with Ô ¼ 1.
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