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We report on a search for a bound di-neutron by comparing electron-induced proton-knockout (e, e’p)
measurements from Helium-3 (3He) and Tritium (3H). The measurements were performed at Jefferson
Lab Hall A with a 4.326 GeV electron beam, and kinematics of large momentum transfer ({(Q2) ~ 1.9
(GeV/c)?) and xg > 1, to minimize contributions from non quasi-elastic (QE) reaction mechanisms.
Analyzing the measured 3He missing mass (Myiss) and missing energy (Emiss) distributions, we can
distinguish the two-body break-up reaction, in which the residual proton-neutron system remains bound
as a deuteron. In the 3H mirror case, under the exact same kinematic conditions, we do not identify
a signature for a bound di-neutron with similar binding energy to that of the deuteron. We calculate
exclusion limits as a function of the di-neutron binding energy and find that, for binding equivalent
to the deuteron, the two-body break-up cross section on 3H is less than 0.9% of that on 3He in the
measured kinematics at the 95% confidence level. This limit implies that the di-neutron content of the
tritium spectral function is less than 1.5%. With a dedicated measurement using similar high resolution
spectrometers, but lower beam energy and vacuum coupling, significantly better energy missing energy
resolution could be achieved, extending the sensitivity of the method to search for a di-neutron with far
smaller binding energy.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction multi-neutron systems are improbable [8], if such a multi-neutron
system is to be observed it will have far reaching consequences
on our description of nucleon-nucleon interactions, the structure
of nuclei, and possibly even Big Bang nucleosynthesis [9,2,10].
Two neutrons embedded in a nuclear environment exhibit spa-
tial correlation as has been found for the neutron-rich, weakly-

bound nuclei °He and ''Li as well as other two-neutron halo nu-

Neutrons (n) and protons (p) are the building blocks of nuclei.
Their lightest bound system is the deuteron, made from one pro-
ton and one neutron. While the deuteron is bound by 2.2 MeV, it
appears that in contrast its charge-symmetric partners, neutron-
neutron and proton-proton systems, do not form bound states.
However, calculations from first principles like in Quantum Chro-

modynamics [1], or pion-less Effective Field Theory [2] do not rule
out a bound di-neutron system.

Searches for a fully neutral multi-neutron system such as 2n,
3n, or 4n have extensive history and have sparked large interest
in both experimental and theoretical studies [3-7]. While bound
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clei [11-14]. A di-neutron emission is claimed in the decay of the
16Be ground-state [6]. It is not obvious, however, what these ob-
servations imply for the di-neutron system.

Direct scattering experiments between two neutrons are impos-
sible to perform due to the lack of a stable neutron target. The
scattering length, ap,, in the 1Sq singlet state is large and negative,
indicating no bound di-neutron system. However, various (indirect)
measurements have yielded inconsistent values [15-19], making it
almost bound. Early indirect searches in nuclei led to contradict-
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ing results, claiming to have found evidence for a fragile bound
two-neutron system [3] or showing negative results [4,5].

Here we report on a study using a new technique of preci-
sion electron induced hard proton knockout from 3H, to access the
residual two-neutron system. Hard proton knockout from 3He with
a residual deuteron system is measured simultaneously and serves
as a control system.

The 3H nucleus used here presents the ideal system as the nn
system might be pre-formed in its ground state in the presence of
only one additional proton. The hard removal of the proton with
large momentum transfer minimizes distortions of the nn system
and conserves the initial state separation between the hypotheti-
cal di-neutron. This is in contrast to scattering off a deuteron as
had been used in many previous studies [20]. The use of >H tar-
get allows to study the two-neutron system without the need to
measure neutrons directly. The knocked-out proton is leaving with
high energy similarly to what has been proposed for inverse kine-
matics in Ref. [21].

2. Experiment

The experiment was performed in 2018 at Hall A of the Thomas
Jefferson National Accelerator Facility. A 20 pA continuous wave
electron beam with an energy of 4.326 GeV was directed al-
ternately on one of four identical 25-cm long gas target cells
that were filled with Hydrogen (70.8 4+ 0.4 mg/cm?), Deuterium
(142.2 4+ 0.8 mg/cm?), Helium-3 (53.4 & 0.6 mg/cm?), and Tritium
(85.1 + 0.8 mg/cm?) [22]. Only data collected from the Helium-3
and Tritium targets were used in this work.

Two high-resolution spectrometers (HRS) were used to de-
tect quasi-elastic (e,e’p) events. Each HRS consisted of three
quadrupole magnets for focusing and one dipole magnet for bend-
ing the trajectory of the particles to transport them from the inter-
action region to the detector package. The detector package in each
HRS was composed of two vertical drift chambers used for track-
ing and two scintillation counter planes that provided timing and
trigger signals. A CO, Cherenkov detector placed between the scin-
tillators was used to separate electrons and pions, and a lead-glass
calorimeter placed after them was used for further particle iden-
tification. This configuration is the same as in Refs. [23,24] and
slightly updated with respect to the one in Ref. [25].

Scattered electrons were detected in the left-HRS with a kine-
matic setting of momentum |p¢| = 3.543 GeV/c and angle 6, =
20.88° corresponding to an energy transfer w = 0.78 GeV, cen-
tral four momentum transfer Q2 = G2 — w? = 2.0 (GeV/c)? (where
the transfer momentum vector is § = Ppeam — Pe), and Bjorken
X = Q2/2mpw = 1.4 (where mj is the proton mass). Knocked-
out protons were detected in the right-HRS at two different cen-
tral kinematic settings, (pp,6p) = (1481 GeV/c, 48.82°) and (1.246
GeV/c, 58.50°) referred to here as low-ppiss and high-ppss, respec-
tively, where ppiss = pp —g. Only data collected from the low-ppiss
setting (40 < pmiss < 250 MeV/c) was used in this work since it
has a larger statistic to resolve two-body-breakup peak in >He.
The missing energy was defined as Epjss =@ — Tp — Ta—q, where

Tpo1=(@+mp—Ep) — \/(a)—i—mA — Ep)? — |Pmiss|? is the recon-
structed kinetic energy of the residual A —1 system. T, =Ep, —m,
and E, are the kinetic and total energy of the detected proton
respectively. This expression of missing energy includes any bind-
ing energy lost in removing a proton from the target nucleus. The
J@-+ma—Ep)? — Biss 2.
In the quasi-elastic (e, e’p) scattering of 3He, the final states can
result in either two body break up (2bbu) pd or three body break
up (3bbu) ppn corresponding to the threshold energies of Episs
~5.5 MeV and ~7.7 MeV, respectively. For 3H, the three-body final
state, pnn, corresponds to Ep;ss threshold of ~8.5 MeV.

missing mass was defined as Mp;ss =
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3. Analysis

The data analysis follows exactly the same event selection cri-
teria as the analyses reported in the Refs. [24] and [23]. Electron
candidates were required to deposit at least a half of their energy
in the calorimeter (E.q/|p| > 0.5). Coincident (e, e’p) events were
selected by applying a £30 cut around the relative electron and
proton event times. The random-coincidence event rate was negli-
gible due to the low luminosity of this experiment.

In order to exclude scattering events from the target wall, the
reconstructed electron vertex position was required to be within
9 cm from the target center (the target walls were located at
4+12.5 cm). In addition, a £30 cut was applied around the relative
electron and proton reconstructed target vertices (corresponding to
+1.2 cm cut). The target wall contribution was determined using
the empty-target measurement and proved to be negligible (<« 1%)

We only selected events that were detected within +4% of
central spectrometer momentum, and +27.5 mrad in-plane angle
and £55.0 mrad out-plane angle relative to the center of spec-
trometer acceptance. To minimize final state interactions (FSIs), an
additional restriction on the angle between the recoiling vector
(Precoil = —Pmiss) and §, i.e., 6rg < 37.5° was applied [26].

For each nuclear target, the normalized yield, Y, is defined as:
N

Q- fi-p-b’
where N is the number of events that passed all the selection cuts,
p is nominal areal density of the gas in the target cell, Q is total
accumulated beam charge, f; is the live-time fraction in which the
detectors are able to collect data and b is a boiling correction factor
to account for changes in the target density caused by local beam
heating. The accumulated beam charge was determined by the Hall
A beam current monitors, with an accuracy of better than 1%. The
live-time fraction was monitored by the data acquisition system
with negligible uncertainty. The target gas density was estimated
from the temperature and pressure when the cells were filled, and
is the dominant source of normalization uncertainty. The boiling
correction was determined by measuring the beam current depen-
dence of the inclusive event yield [22].

In this analysis, we extract the ratio of the possible di-neutron
signal to the total detected 2bbu yield in 3He at the same kine-
matics using exactly the same analysis cuts. In order to perform
this comparison, we need the relative normalization between the
two data sets, n defined by:

Y (1)

S Qsy - fie3u - by 2)

P3e - Line " fir 3ne  D3ne

We estimate n to be 1.632 4 0.041, i.e,, an uncertainty on the rel-
ative normalization of 2.5%.

From the time the tritium target was filled to the time the
experiment was conducted, a small fraction of the tritium nuclei
had decayed into helium-3. This >He contamination poses a back-
ground for the di-neutron search, since 2bbu break-up events from
3He cannot be distinguished from 2bbu (di-neutron) events from
3H. For this experiment, previous analyses [24,23] determined the
helium contamination to be ¢ =2.78 £ 0.18%, and we used this
number to normalize the 3He spectrum in order to model the con-
tamination background during 3H running.

The tritium three-body break-up threshold occurs at a missing
energy of 8.5 MeV. Based on the resolution of the spectrometers,
we chose Episs <7 MeV to be the signal region for the di-neutron
search. The measured and relatively normalized missing energy
and missing mass spectra for >He and 3H after background sub-
traction are shown in Fig. 1. In the signal region, we observe 21
3H counts above background with a statistical uncertainty of +16.
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Fig. 1. Left plot is the missing energy distribution of 3He (red) and 3H scaled by 100 (black dots). Inset: A larger range of the same plots without 100 times scaling on 3H.
The dashed vertical line corresponds to the 3He 2bbu energy of 5.5 MeV. Right plot is the corresponding missing mass distribution of >He (red) and 3H scaled by 100 (black
dots). Inset: A larger range of the same plots without 100 times scaling on H. The dashed vertical line corresponds to the mass of the deuteron 1875.6 MeV.
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Fig. 2. The relative efficiency for observing a dineutron event in 3H in the signal
region relative to the efficiency for detecting a 2bbu event in >He in an equivalent
signal region. For large di-neutron binding energies, our data-driven estimate can
only return a lower bound, since the method would become sensitive to leakage
from 3bbu events in 3He.

In order to set limits on the cross section for producing bound
di-neutron we took into account the uncertainty from systematic
effects such as the contamination of 3He events in the 3H di-
neutron signal region. We performed a likelihood analysis with
one parameter of interest, R, defined as the ratio of the di-neutron
cross section o' on 3H to the 2bbu cross section, 0,5, on 3He.
Systematic effects were considered by including four nuisance pa-
rameters: the true average count rate for 2bbu on 3He, A;Z‘fu. the
true normalization factor between the 3H and 3He data sets, ng,
the true helium contamination in the tritium target, cg, and the
true relative efficiency for detecting >H and 3He 2bbu events, .
This last factor is necessary because the unknown binding energy
of the di-neutron. For a di-neutron that is barely bound, much of
the 2bbu signal will fall outside of our di-neutron signal region.
We estimated this efficiency using a data-driven method: we used
the shape of the 3He Epjss spectrum as a template. By shifting this
spectrum and studying the change in the number of counts in the
2bbu signal region, the relative efficiency for different possible di-
neutron binding energies can be estimated. This relative efficiency
ranges from 100% for a di-neutron with binding energy equal to
that of a deuteron to ~ 0% for a di-neutron with zero binding en-
ergy, which is indistinguishable in our measurement from 3bbu.

Our estimate of the relative efficiency, €, for a given di-neutron
binding energy, By, is calculated

6.2 MeV—By+Bun nr3He
_ f6.2 MeV—By N"¢dEp 3)
- 6.2 MeV
6.2 MeV—By

N°HegdE,

where By is the binding energy of the deuteron, i.e., 2.2 MeV, and
Bnn is the binding energy of the possible di-neutron. By definition,
the relative efficiency is 1 for a di-neutron bound by the same
energy as the deuteron and 0 when the di-neutron is unbound.
The integration limit of 6.2 MeV corresponds to the 7.0 MeV di-
neutron signal region, adjusted for the 0.8 MeV difference in bind-
ing energy between >He and 3H. The estimated relative efficiency
is shown in Fig. 2. We cannot estimate the relative efficiency for
detecting di-neutrons bound by more than 2.2 MeV, since there
will be unavoidable contamination from 3bbu events in >He. We
can set a lower bound, which is indicated by the dashed line. The
range studied at low binding energies is the most relevant one
considering consistency with other measurement for instance the
neutron-deuteron breakup cross sections [9].

Given a set of guess values for the parameters R, A;Z'l'fu, no, Co,

and ¢, the likelihood of having the measured data of N;I;bu counts

in the 3H di-neutron signal region, N;'l;'lfu counts in the correspond-
ing 2bbu signal region in 3He, the measured relative normalization
between the data-sets, n, and our data-driven relative efficiency
estimate, ¢, is:

3 3 3 3
L= P(Noh, [A5py5,) - P(Noy, 02555, (o + €0R))
-G(n—ngloy) - G(c —coloc) - G(e — €ploe), (4)

where P represents a Poisson distribution, ¢ represents the 2.78%
contamination fraction of 3He in the 3H target cell, and G repre-
sents a Gaussian distribution, where o, represents the uncertainty
on the relative normalization, o, represents the uncertainty on the
helium contamination, and o, represents the uncertainty on the
relative efficiency. We determined exclusion limits on R based on
the change in log-likelihood, AlogL, while finding optimal values
of A;';fu, ng, co, and €g for each value of R. For example, to esti-
mate the exclusion at the 20 or 95% confidence level, we solved
for the value of R at which AlogL = 2.

4. Results

The missing energy and missing mass spectra measured from
the 3H after subtracting the 2.78% 3He contamination are shown in
Figs. 1, along with the corresponding relatively normalized spectra
from 3He. The 3He spectra clearly shows the 2bbu signal, in which
a bound deuteron remains. The 3H spectra do not show a statisti-
cally significant 2bbu signal, meaning that we do not see evidence
of a bound dineutron.

The results of our exclusion analysis are shown in Fig. 3 with
the left y-axis showing the ratio of di-neutron cross section from
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Fig. 3. Exclusion limits for a bound dineutron state as a function of binding energy.
The left y-axis shows the extracted cross section ratio for dineutron production
3H(e, e’ p)nn relative to 2BBU on 3He, i.e., >He(e, ¢’p)d. The right y-axis shows the
model-dependent estimate for the relative contribution of dineutron break-up in
the tritium spectral function.

3H relative to the 2bbu cross section from 3He in the kinemat-
ics measured in this experiment. The ability to exclude di-neutron
production depends on di-neutron binding energy. For di-neutrons
bound by > 2.2 MeV, our data exclude a di-neutron cross section
of 0.9% of the 3He 2bbu cross section at the 2o confidence level,
and exclude a relative di-neutron cross section greater than 2% at
the 50 level. Our exclusion limits become less stringent, however,
for smaller di-neutron binding energies.

From this cross section ratio we can draw a model-dependent
inference about the limits of the relative di-neutron contribution
to the 3H spectral function. The spectral function, S(Emiss, Pmiss),
describes the probability of finding a nucleon in a nucleus with
momentum equal to Ppiss and separation energy equal to Epjss.
While our experiment does not have complete acceptance cover-
age over all Epjiss and ppiss, we can compare our measured 2bbu
and 3bbu cross sections on 3He to a spectral function calculation
to derive a correction to account for the incomplete acceptance.

. . . P 3H 3H
Specifically, we aim to place exclusion limits on S,'/S5;, ., where

3 3 -
Sn? :/‘d3pmissS H(Enm’}ss,pmiss) (5)
o0
3 3 -
S3ll;lbu :/d3pmiss / dEmissS H(Emiss,pmiss)~ (6)
E3bbu

This ratio can be expanded as

531-[ 34 3He 3He 531-[ 3H

nn_ __ Onn . Obeu . 03bbu . nn 03bbu (7)
3H 3He 3He 3H 3H 3H ’
S3bbu O9bbu O3pbu O3bbu S3bbu Omn

The first term is the cross section ratio, R, on which we placed
exclusion limits. The terms enclosed in parentheses represent a
correction factor. We can further assume that in the kinematics
of the experiment

3 3 3 3

H H He He
Swn_O3bbu | ~ | Sabbu T3bbu
3H 3H 3He . 3He
S3pby Onn S3bbu O2bbu

i.e,, that the relative proportions of 2bbu and 3bbu cross sections
measured in the experiment versus the underlying spectral func-
tion is the same in both nuclei. We can estimate all of the cor-
rection factors using a combination of our measured data and a
spectral function calculation. In this work, we use the 3He spectral
function calculation of C. Ciofi degli Atti and L. P. Kaptari [27]. We
find that (S;qu/S;?lfu)/(a;ﬂeu/a;ﬂil) =1.24, and that the entire
correction factor is 1.62. We use this factor on the right y-axis of
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Fig. 3, show how our exclusion limits on the cross section trans-
late to limits on the 3H spectral function. This estimate suggests
that, for a di-neutron binding energy of > 2.2 MeV, we exclude
a > 1.5% dineutron contribution to the 3H spectral function at the
20 confidence level, and a > 3% contribution at the 5o level. Given
the heavily model-dependent nature of this approach, we have not
quantified its uncertainty.

The most precise determination of the neutron-neutron scat-
tering length, determined from the final-state interaction in nd
radiative capture [28], would imply a possible nn binding of ap-
proximately 0.150 MeV. While the current proof of principle ex-
periment could only further reject the possibility of a tightly bound
di-neutron, the technique can be applied with similar equipment
and lower beam energies, such the 180 MeV beam and using the
spectrometers in the A1 Hall at Mainz [29] to obtain an missing
energy resolution of less than 0.1 MeV.

5. Conclusions

Here we have used the 3He and 3H mirror nuclei to look for
a possible bound di-neutron system. In the measured kinematics,
high-Q2 and xg > 1, quasi-elastic electron-induced proton knock-
out from 3He leaves behind a bound deuteron a majority of the
time. This clearly identifiable two-body break-up reaction provides
a valuable control in the search for a residual di-neutron from 3H.
Having data from both nuclei allowed us to quantify the measure-
ment’s sensitivity without having to rely on modeling the spec-
trometers’ exact performance and resolution. In our data, we could
not identify a signature for a bound di-neutron with similar bind-
ing energy to that of the deuteron. The experiment’s sensitivity
allows us to determine that if such a state exists it's appearance is
about two orders of magnitude lower than the appearance of the
deuteron in the 3He case, though this sensitivity degrades rapidly
as the di-neutron binding energy decreases. Other dedicated exper-
iments might be more sensitive in the low energy region, taking
advantage of the quasi-elastic scattering demonstrated here, where
the distortion of the nn system is minimized, i.e. a recoil-less reac-
tion [9].

Thus, in agreement with our current understanding of the nn
interaction, we do not see evidence of a nn-bound state in 3H
in our proof of principle experimental results. As the discovery
of neutral systems as bound or resonant states would have far-
reaching implications, one could do an optimized experiment to
search for these systems using this same technique but at much
lower beam energies to allow for approximately 50 keV miss-
ing mass resolutions and definitively answer the question as to
whether nn pairs bound by 150 keV exist.
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