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General introduction

Neutrons are electrically neutral particles discovered by James Chadwick in 1932. They
are slightly heavier than protons and, because of that, can decay into the latter through
[ decay. The neutron lifetime is usually interpreted as the typical time it takes for a
neutron to turn into a proton. Over the last 20 years or so, many experiments have been
carried out to measure its value. They are generally divided into two categories according
to their experimental design. On the one hand, bottle experiments access the neutron
lifetime by measuring the rate at which a population of ultracold neutrons disappears
from a trap where they are confined. On the other hand, beam experiments access the
neutron lifetime by comparing the intensity of a cold neutron beam with the rate of
charged particles emerging from this beam. Today, the accepted lifetime value falls just
below 880 seconds and corresponds to a weighted average of eight measurements, all from

bottle experiments.

Although much less numerous, averaging the beam results achieves a neutron lifetime
of 888 seconds, higher than the lifetime from bottle measurements. This 1% difference
between beam and bottle experiments is known as the neutron lifetime discrepancy. This
discrepancy comes with a tension around the 4c level, suggesting the existence of sys-
tematic effects in either type of experiments. If this difference does not come from any
overlooked issues in the technical design or data analysis of these experiments, then it
might point to the existence of unknown neutron physics. New theories trying to address
the neutron lifetime discrepancy usually imply changing the way we have conceptualized
the neutron lifetime measurements. The focus of this PhD thesis lies under one particular

model : the neutron dark decay.

Proposed in 2018 by Fornal and Grinstein, this theory suggests the existence of another
possible decay mode for neutrons, involving neutral particles in the final state which could
be dark matter candidates. This model implies that the neutron lifetime from bottle
experiments corresponds to the total lifetime, whereas beam experiments only give the
partial lifetime associated with the neutron § decay. If dark decays can happen for free

neutrons, they could also occur for neutrons loosely bound in a selection of radioactive
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nuclei. One possible candidate for investigating nuclear dark decays is the borromean
®He nucleus. A dark decay in this nucleus would result in the emission of a free neutron,
providing a clean and unique signature, as this type of emission is not possible in a
standard °He decay from its ground state. In this thesis, we present the data analysis and
the result of an experiment designed to look for this exotic process in “He and how this

experiment constrains the neutron dark decay paradigm.



Chapter 1

The neutron lifetime

The Standard Model (SM) is the theory of fundamental particles and describes how they
interact with each other. The SM has proven incredibly successful at describing many
features of nature, but, as with many theories, it does not answer everything and many
questions remain unsolved. We will open this first chapter with an introduction to the
decay phenomenon and its formalism followed by a focus on the free neutron g decay and

the various attempts at measuring its lifetime throughout the years.
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CHAPTER 1. THE NEUTRON LIFETIME

1.1 Elements of 5 decay

1.1.1 General description

The [ decay model describes the transformation of one particle into another by the
emission of a 3% particle or by electronic capture, to achieve stability. These decays
occur at the level of fundamental quark and lepton particles due to the weak interaction
mediated by a W boson. In a typical 5~ (8") decay, a down(up)-like quark transforms
into a up(down)-like quark with the emission of an electron (positron) and an antineutrino
(neutrino). At the quark or nucleon level, this can be written as :

d—-u+e +0, or n—>p+e + U,

(1.1)

u—d+et+v, or p—>n+e +u..

The typical Feynman diagram corresponding to a 8~ decay is shown in Figure 1.1. In
an electronic capture process, an electron from an atomic shell is captured by a proton
(or an u quark) resulting in the emission of a neutron (or a d quark) and a neutrino :

u+e —>d+v,or pte —>n+r,. (1.2)

The vast majority of isotopes known today are unstable. Neutron-rich isotopes generally
achieve stability due to 8~ decay, while neutron-deficient isotopes will achieve stability
through ST decay and electronic capture.

U du

udd

n

FIGURE 1.1 — First-order Feynman diagram of a 5~ decay. A valence d quark inside the
neutron is turned into an w quark by emission of a W~ boson. The W~ decays into an
electron and an antineutrino afterward.



CHAPTER 1. THE NEUTRON LIFETIME

Fermi theory of § decay

The first successful theory that describes § decay was given by Fermi in 1934 [1] and
is based on the existence of the neutrino as suggested by Pauli in 1931. His theory
allowed physicists to compute the decay rate and the expected energy and momentum
distributions for the emitted electron by considering the weak interaction as a 4-fermion
contact interaction with an effective coupling strength Gr known as the Fermi constant.
The total 5 decay rate can be formulated as :

_ GRIMy?

pm(le
I'= F(Z e _Te 2 2d e 1.
2137 3 L ( d, P )(Q ) DeQPe, ( 3)

where |M;|? is the probability to go from one initial (parent nucleus) to a final (daughter
nucleus) nuclear state also known as the nuclear matrix element and @ is the available
energy. 1. and p. represent the electron kinetic energy and momentum, respectively. The
term F'(Zy, p.) is a factor that takes into account the attraction (or repulsion in the case of
a T decay) between the electron and the daughter nucleus. It is a function of the number
of protons in the daughter nucleus Z; and the momentum of the electron p.. This integral
is known as the Fermi integral and has been evaluated numerically for different values of

Zq and Q. It is typically written as :

[(Z0,Q) = 1jwwnmmm@—nm@% (1.4)

57
megc 0

where the 1/(m2c”) term has been added to make the integral dimensionless. Finally, the
decay rate can be expressed as :

In(2)  2mctGEL My
I'= = - 4 1.
o M 1(20.) (1.5

where t; /5 is the nucleus half-life.

Classification of 3 decay

Since t1, and () can be measured experimentally, multiplying ¢, by the Fermi integral
gives a quantity called the comparative half-life that depends only on the nuclear matrix
element and allows to compare different nuclear 5 decays :

23k’
2m2cAGEL | My|?

ftiz = In(2) (1.6)

Furthermore, 3 decays are generally characterized and classified according to their
angular momentum and parity transition. The conservation of angular momentum in 3
decays can be written :

Jo S iDL+ § = AT J—J—L+3 (L.7)

where j; and J_} are the initial and final state nuclei spin. L and S are the total orbital

5



CHAPTER 1. THE NEUTRON LIFETIME

—

and spin angular momentum of the lepton pair, L= L; + L,, S = S?e + §,, The parity
conservation is :
m=m;(-1)" = Ar=mm = (1), (1.8)

where 7; and 7y are the initial and final state parity respectively. A 3 decay is called a
Fermi decay when S = 0 and a Gamow-Teller decay when S = 1. When leptons in the
final state are produced in a s-wave relative to the nucleus (L = 0), the transition is called
an allowed transition. When they are emitted with a higher orbital momentum (L > 1),
the transition is called a forbidden transition of order L. For example, a transition with
L = 1 1is a first forbidden [ decay. Here, the term forbidden simply means that these
transitions are less likely to occur compared to allowed ones.

A qualitative indicator of the type of any [ transition is the so-called log ft value.
Allowed S decays have a distribution of log ft values between 2 and 13, whereas forbid-
den decays have log ft values no smaller than 5 and up to 25. A recent review of this
classification can be found in [2].

Superallowed ( decay

A special case of allowed Fermi decays are the 07— 0% superallowed [ decays. They are
pure Fermi transitions with typical log ft values between 3 and 4. It is convenient for
superallowed decays to write the so-called “corrected” (or "modified”) ft value [3] :

Ft = ft(l + (5{1)(1 + Ong — (50), (19)

where Jd; and dng are nucleus-dependent radiative correction terms and d¢ is known as
the isospin-symmetry breaking correction term.

1.1.2 The [ decay of free neutrons

Unlike its isospin doublet counterpart, a free neutron is unstable. A free neutron will
undergo the following well-known £ decay n — pe~ v with a lifetime 7,, ~ 880 seconds and
a small release energy of 0.782 MeV. The Standard Model describes this process by the
interactions of semileptonic weak currents. A useful scalar quantity used to characterize
the nature of particles and describe their dynamics in a physical process is the Lagrangian
density. At the quark level, the Lagrangian density of a 3 decay reads [4] :

Gr
L —uer — T =
‘ V2

where G = 1.166 378 8(6) x 107> GeV ™ ? is the Fermi constant known to great precision
from muon decay [5, 6]. In the case of momentum transfers that are small compared to
the mass of the W boson my, ~ 80.4 GeV (like 5 decay), the Fermi constant is related
to the weak coupling constant g, as Gr/v/2 = g2 /m?,. The other terms that appear in
this Lagrangian are V4, the first component in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [7], the gamma matrices 7, and 7;, and a Dirac spinor for each fermion d, u, v
and e. This Lagrangian exhibits here the Vector - Axial Vector (V - A) nature of the

Via [@u(1 = ys)v ][ an*(1 = 25)d ], (1.10)

6



CHAPTER 1. THE NEUTRON LIFETIME

weak interaction through the term ~v#(1 — ~y5) that is the combination of a positive vector
current (¢y*1)) and a negative axial vector current (—@y*ys)).

The CKM matrix describes the mass mixing of quarks. It relates the mass eigenstates
of the quarks to their weak eigenstates, which are actually sensitive to the weak current.
In its classic parameterization, it is written like :

d/ Vud Vus Vub d
s =1 Vaa Ves Vi s |- (1.11)
v Via Vis Vi b

This simply corresponds to a rotation in the flavor space. Assuming that there is no 4—th
generation of quarks and no physics beyond the standard model, the CKM matrix must
be unitary. This implies that :

DIViVie =D ViV = 1, (1.12)
k k

which is what is expected from a rotation matrix in a complex space. Now things are
different at the nucleon level. Due to its complicated internal structure, the neutron g
decay can not be described simply with a free quark current interacting with a leptonic
current. For that reason, form factors must be taken into account to address this issue. At
leading order, and considering that the momentum transfer is close to zero, the Lagrangian
density can be written as [4] :

G _ _
£n—>peﬁ = _TZ Vud [6’7#(1 - ’)/5)V][p’yu(gv + gA’75)n]’ (113)

where gy and g4 are known as the vector and axial vector coupling constants respectively.
Numerous parameters are implicated in the theory of neutron 5 decay, some of which have
been introduced previously. One of the most crucial variable in this theory is the lifetime
of the free neutron. This parameter plays a very important role in many different fields of
research from particle physics to cosmology [8]. Indeed, the neutron lifetime is involved
in the early life of the Universe, affecting its primordial abundance of light elements like
“He and its evolution throughout time. According to the Standard Model, the neutron
lifetime can be written in the form [4] :

o 5024.7 s
" Va2 4 302 (1 + AY)

(1.14)

where the numerator value corresponds to the product 273/( f G% m?) where f = 1.6887(2)
is a phase space factor [9] and A = 0.02479(21) is an inner radiative correction term to
the vector coupling [4]. The parameter \ represents the ratio of the axial-vector coupling
constant g4 to the vector coupling constant gy .

ga
== 1.15
o (1.15)

7



CHAPTER 1. THE NEUTRON LIFETIME

with a value of A = —1.2754(13) [10], in good agreement with the (V - A) nature of the
weak interaction. This term plays an important role in the many different correlation
and asymmetry terms involved in neutron decay. As an example, the 8 decay asymmetry
term A, which describes the correlation between the neutron spin o, and the electron
momentum p,, can be written as A = 2A\(A + 1)/(1 + 3)?).

1.2 The neutron lifetime from experiment

Measuring the neutron lifetime has interested physicists since the first observation of its
decay in 1948 by Snell and Miller [11] with a rough lifetime estimate between 15 and 30
minutes. Many different experiments have been performed over the past decades, moving
the lifetime value from 7,, = 1108 + 216 in Robson’s experiment in 1951 [12] down to the
actual most precise evaluation at 7,, = 877.75+£0.28 7032 [13] from the UCNT measurement
in 2021. The lifetime value typically accepted and used by the community comes from
the Particle Data Group (PDG). The value listed in their Review of Particle Physics
usually takes into account the most recent and accomplished experiments. The evolution
of the neutron lifetime as established by the PDG can be seen in Figure 1.2. On average,
all neutron lifetime measurements can be roughly divided into two different categories
depending on the experimental method used : the beam method and the bottle method.
To this day, two papers have reviewed some of these lifetime experiments up to their date
of publication. The interested reader should look into the following articles [8, 14].

0 ————
1000 - ]

950 i

|l ;
900;- H”thzu _____ -

Ly IFEEREERET] Liviinin Livinniins IFRERRERET] Livivinnn Ly

1970 1980 1990 2000 2010 2020

FIGURE 1.2 — Neutron lifetime over the years as established by the PDG from 1966 to
2022. The plot comes from [10].

Neutron lifetime (s)

1.2.1 The beam method
Description of the method

The beam method was the first to be used in an experiment dedicated to measuring the
neutron lifetime [12] and has been used in several different facilities over the years. A beam

8



CHAPTER 1. THE NEUTRON LIFETIME

of cold neutrons (Ey, < 25MeV) is sent to a decay volume V' where the decay products
(protons and/or electrons) are detected and the lifetime is extracted by comparing the
neutron count rate within the beam with the decay product count rate. The neutron
beam activity can be expressed as :

A== =0T (1.16)

where N and p, are the cold neutron population and density in the beam at a certain
time t. The neutron density was usually measured by detecting reaction products from
a very thin neutron-absorbing foil. The foil material was chosen so that the absorption
cross section would follow the 1/v law :

Uabs(v) = Uvﬂgth; (117)

where v is the neutron velocity and o, is the absorption cross section proportional to
the reference cross section oy, known for the velocity vy, = 2200m.s~!. The distribution
of neutrons with velocity v within a sectional area of the beam can be written d¢(v)/dv
where ¢(v) has the dimension of particles per second and per unit of surface. Therefore,
the neutron count rate is expressed as :

d
Rn = EnQpfoil Jgabs(v) gfl'(:)) dU, (118)

where ¢, is detection efficiency for the reaction products, py.; is the foil area density of
atoms contributing to the neutron capture and a is the cross sectional area of the neutron
beam. We can make the neutron density appear in the previous equation by injecting the
definition of o, and express it as a function of the neutron detection rate :

Ry,

n e — .
EnAPfoilOthVth

(1.19)

We now have the full expression for the right-hand side of the neutron beam equation
1.16. For the decay products, this activity measurement can simply be written as :

A==2 (1.20)

where R, is the decay product detection rate and ¢, is the detection efficiency. Using
V = aL where L is the length of the decay volume, we obtain the final equation for the
neutron lifetime from a beam experiment :

L R, g,

_ . 1.21
PfoilTthUth, Rp En ( )

Tn =
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The beam experiment at NIST

The most recent in-beam experiment with a relative precision lower than 1% has reported
a lifetime value of 7, = 886.3 + 1.2 + 3.2 seconds in 2005 [15]. The experiment was carried
out at the NIST Center for Neutron Research using fission neutrons cooled to thermal
levels and transported away from the neutron source to the experimental area through
®Ni coated neutron guides. The cold neutron beam would pass through a segmented
quasi-Penning trap with a well-defined length L as shown in Figure 1.3. A 4.6 T uniform
magnetic field is applied along the neutron beam axis in the opposite direction. The
protons emerging from the § decay of neutrons are first trapped and then guided to
a silicon detector to be counted. Acceleration voltages ranging from —25 to —35 kV
were used to give the protons enough energy to pass the detection threshold. Due to its
design, the trap is believed to have a trapping efficiency of 100% everywhere except at
both ends where edge effects occur for the potential gradient. The trap was segmented
into 16 electrodes to deal with these edge effects by varying the length of the trap like
L = nl + L.,q, where n is the number of electrodes with length [ and L.,  is the effective
length of the two end regions where the trapping efficiency is below unity. The intensity
of the neutron beam was determined using a thin °LiF foil coupled to four other silicon
detectors to detect the alphas and tritons produced by the neutron absorption reaction
with the °Li deposit.

The neutron lifetime was first extracted by plotting the ratio of the measured proton
to neutron count rates with respect to the number of electrodes used :

R, 1 < Ep )
2o (2 Vit L,y 1.22
Rn Tn \ PfoilOthUth€n ( d) ( )

Many side effects were investigated and taken into account in the analysis, from the size
of the neutron beam halo to the determination of losses inside the neutron detectors,
resulting in many correction factors applied to the data. The last effect that was looked
into is the proton detection efficiency value. Indeed, even if a proton is successfully
trapped and sent into the silicon detector, it can still go undetected because of scattering
effects. This effect was probed by making lifetime measurements with different silicon
detectors (with different dead layer thicknesses), for various acceleration voltages. The

alpha, triton

detector
‘ .« .
precision _ proton
B=4.
aperture 6T 7 detector
) @ . ‘y
O j’
o o neutron beam
denosit mirror trap electrodes  door closed
* POSIt 1800 V) (+800 V)

FIGURE 1.3 — Apparatus used to measure the neutron lifetime in a cold neutron beam
experiment at NIST. The figure comes from [15].
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FIGURE 1.4 — Measured neutron lifetime values for different proton detection setups with
respect to their calculated proton back scattering fraction [15].

proton backscattering fraction was assessed for each specific setup with SRIM simulations
[16]. Finally, the neutron lifetime is evaluated by extrapolating the data to the zero proton
backscattering fraction, as shown in Figure 1.4.

Reassesssment of the 2005 NIST result

This result was then reevaluated in a letter published in 2013 [17], mainly addressing
the neutron counting part of the 2005 campaign. The neutron density in Equation 1.19
depends directly on the value of the °Li(n, t)*He thermal cross section (o, in equation
1.17). The value used for their analysis was (941.0 + 1.3) b, which was modified to
(938.5+£1.3) b in the Evaluated Nuclear Data Library [18] shortly after publication of the
2005 result. The 2013 publication got rid of the gy, dependence by directly measuring the
observed rate of reaction products (alphas and tritons) with the same neutron monitor

Alpha-Gamma device Beam lifetime
neutron monitor

target detectors with
precision apertures

1 Neutron monitor Q
—— _ target (°LiF)
MOnOChI‘Omau'C T —
Neutron begp,

Alpha-Gamma 4x surface barrier\

PIPS detector with

precision aperture /‘

FIGURE 1.5 — Geometry of the experimental setup from 2005 campaign coupled with the
Alpha-Gamma device during the 2013 measurements [17].
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apparatus as in 2005 and the total neutron rate with the Alpha-Gamma device as shown
in Figure 1.5. Correction factors on the solid angle for the reaction product detectors and
on the °Li target density were also taken into account, lifting the neutron lifetime value to
T, = 887.7+1.2+1.9 seconds [17]. This result was recently criticized in a paper published
in 2020 [19], raising potential problems in several aspects of the experiment. They mainly
address all possible effects that can affect proton detection during the experiment, from
potential proton interaction with residual gas inside the trap to proton loss effects within
the silicon detector. All of these concerns were adequately answered by many co-authors
of both original papers [15, 17], standing with their previous result in an article released
in 2022 [20].

1.2.2 The bottle method
Description of the method

In the bottle method, a population of ultracold neutrons (UCNs) with E,, < 100 neV is
sent inside a trap to live and die, and a neutron detector is used to monitor the surviving
population of neutrons over time. In bottle experiments, the decay products are not
detected and only the behavior of the neutron detection rate matters. This means that,
contrary to in-beam experiments, bottle experiments are not constrained by detection
efficiencies that need to be known precisely. Furthermore, bottle experiments do not rely
on a precise evaluation of the neutron population introduced into the trap but rather
focus on the neutron detection behavior. On the other hand, as the lifetime in bottle
experiments comes from neutron monitoring, any side mechanism leading to neutron loss
inside the trap must be thoroughly evaluated, as the apparent lifetime will vary as :

1 1 1
- =Y - 1.23
Tn — T; ( )

Tm P

where 7, is the measured or apparent lifetime, 7; is the inverse of the loss rate due to a
particular effect ¢ and 7, is the real neutron lifetime.

In a typical bottle experiment, the neutrons are produced and sent into the trap
and the surviving neutrons are counted after two different storage times ¢; and t5. The
apparent lifetime is then assessed with the following equation :

lo — 1y

" N 2y

Tm
where Ny and N, are the count rates of neutrons after ¢; and ¢, respectively. Bottle
experiments can be divided into two categories that correspond to the way neutrons are
confined inside the decay volume with either material or magnetic traps. In the former, the
walls of the trap are designed so that ultracold neutrons can be almost entirely reflected
on their surface. In the latter case, the neutrons are confined by using a strong magnetic
field coupling with their magnetic moment. In both scenarios, the kinetic energy of the
UCNs is small enough that even gravity plays a role in confining them vertically.
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CHAPTER 1. THE NEUTRON LIFETIME

Material trap

In material trap experiments, interactions between the bottle surface and neutrons are
one of the leading causes of variation in the measured lifetime. Even if the trap is carefully
designed, a loss probability term must be taken into account corresponding to inelastic
scattering and neutron capture reactions.

In the Mambol campaign [21] (which stands for Mampe Bottle), it was experimentally
evaluated using an almost model-independent method. The decay volume consisted of a
glass box with walls coated with Fomblin oil to reflect neutrons as shown on the left-hand
side of Figure 1.6. The box had fixed height and width of 30 and 40 cm, respectively,
but the depth could be changed thanks to a moving wall. For an isotropic distribution of
velocities, the mean free path of the UCNs in the trap can be expressed as | = 4V /S, where
V and S are the volume and the surface area of the decay volume. Varying the trap volume
for one set of storage times, the neutron lifetime can be assessed by extrapolating the data
linearly to the infinite mean free path case (i.e. no collision). This data extrapolation can
be seen on the right-hand side of Figure 1.6. The final result reported for this experiment

was TMAMPOL — 887 6 + 3 seconds, which is in good agreement with beam lifetime values.

An article published in 2009 proposed different corrections to this result [22]. Monte
Carlo simulations of the apparatus were used to investigate the impact of the gravitational
potential with respect to the different storage times. They also investigated the presence of
above-barrier neutrons in the initial velocity distribution and its evolution within the trap
due to quasi-elastic scattering. This paper states that the result of [21] could be lowered
to TMAMEOL = 88().443.0 seconds. In 2012, another paper included a theoretical description
of ultracold neutron scattering on viscoelastic surfaces (like Fomblin oil) in a reanalysis
of the Mambol experiment [23]. They reported a new value of TAAMBOL = 8825 + 2.1
seconds (which is viewed as an official update of the MAMBOL1 result), better aligned with
the actual accepted neutron lifetime and other bottle results.

Other material trap experiments evaluated the loss probability term with a different

VACUUM VESSEL / storage interval (s)
-7 y]\ x 112 - 225

O 225 - 450

+ 450 - 900

<900 - 1800

3600

NEUTRON = 1800 -
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@ __ FOMBLIN
- - PUMP

\>°$
-
AL FOIL | TURBO
v — PUMP

UCN @

DETECTOR ~ [~ 1

inverse measured lifetime x 1000 (1/s)
-

inverse mean free path (1/cm)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

FIGURE 1.6 — LHS : Sketch of the experimental setup used in the Mambol neutron
lifetime measurement. RHS : The measured decay rate with respect to the inverse mean
free path for different values of neutron storage time. Both figures are from [21].
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approach. In the first design of the Mambo2 experiment, the loss rate was measured di-
rectly by monitoring the number of leaked neutrons with several *He counters outside of
the trap. This method was also used in [24], using 18 thermal neutron counters SNM-57
around the trap to detect inelastically scattered neutrons escaping the bottle. Both exper-
iments are based on measuring the supposedly constant ratio of wall losses probabilities
At for two different geometry of the setup & = Ay /Awz- Once this ratio is measured,
the neutron lifetime is obtained through :

LM =X

P I (1.25)
where Ay and Ay are the total UCN loss probabilities defined as \; = A\, + A,y for
each geometry. They reported results of TMAMBO2Z = 8826 + 2.7 seconds [25] in 1993
and TARPUMANOY — 88().2 + 1.2 seconds in 2015 [24].

In Gravitrap 1 [26] and 2 [27], the loss rate is written in the form A = n(T)y(E),
where 7(T') is the loss factor that depends on the wall temperature 7" and v(E) is the
effective collision frequency that depends on the neutron energy and the geometry of the
trap. Several v values are obtained with respect to the UCN energy through Monte Carlo
simulations and a mean effective collision frequency is calculated for each specific geomet-
ric configuration. Finally, the neutron lifetime is measured by linearly extrapolating the
data to the zero collision case. They reported values of 7681 = 878.5 + 0.7 + 0.3 seconds
and 7E"Y? = 881.5 + 0.7 + 0.6 seconds in 2005 and 2018 respectively.

Magnetic trap

In magnetic trap experiments, neutrons are confined using a strong magnetic field. The
magnetic dipole moment of the neutron is |u,| = 1.9130427(5)un, where pp is the nuclear
magneton. This corresponds to |u,| ~ 60.3neV.T ~1. Therefore, the kinetic energy of
UCNs is not enough to escape the grasp of a magnetic field with a strength of a few
Teslas. In theory, magnetic bottles do not have to worry about wall losses, but other
vanishing mechanisms can still be present. In these experiments, the UCNs are usually
polarized in one spin state (called low-field seekers), which are kept inside the bottle by
the magnetic field, while neutrons in the other spin state (high-field seckers) are sent out
of the trap. Therefore, neutron depolarization (or spin flip) can lead to a systemic bias
during an experiment. Another loss mechanism in magnetic bottles comes from neutrons
with a sufficiently high kinetic energy to overcome the gravitational potential with respect
to the apparatus design.

Today’s most precise neutron lifetime determination comes from the UCNT collab-
oration in 2021 using a magnetogravitational trap at the Los Alamos Neutron Science
Center [13] with data from two different experimental campaigns in 2017 and 2018. The
setup used in 2018 is shown in Figure 1.7. UCNs produced by a proton beam-driven solid
deuterium source with FE,, < 180 neV were first polarized to the low-field seeker state
using a 5.5 T superconducting solenoid and a spin flipper. The polarized UCNs were then
sent into a bowl-shaped Halbach array with NdFeB magnets that provided a surface field
of ~ 1.0 T to confine the UCNs and electromagnetic coils that produced an ambient field
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FIGURE 1.7 — The apparatus used in the 2018 experimental campaign of UCNT [13]. M;
through M, are UCNs monitor detector. The setup from 2017 is a little bit different and
is described in [28].

of 60-120 G to prevent any neutron depolarization. A 50 seconds period was used to clean
the UCNs with F, = 38 neV and the remaining neutrons were counted using a movable
UB-coated-ZnS scintillator. They reported a value of 7N = 877.75 + 0.28 T5-22 seconds,
achieving the lowest relative precision < 0.04% in a neutron lifetime experiment.

1.2.3 The neutron lifetime discrepancy
Synthesis of the experimental results

All of these neutron lifetime experiments can be compiled to compute a weighted mean
neutron lifetime value. Right now, the PDG averages eight results, all bottle experiments
with UCNs, with a mean lifetime of 7,,°% = 878.4+ 0.5 seconds. Recent beam experiments
are much less numerous than bottle experiments. Using only two values from [29] in 1996
and from [17] described above in 2013, the mean lifetime value from beam experiments
is 7peam — 888.0 4 2.0 seconds. There is a difference A7, = 9.6 & 2.1 seconds between
these two mean values. All values shown in Figure 1.8 are listed in Table 1.1. This ~ 1%
difference as shown in Figure 1.8 between beam and bottle mean values is known as the
neutron lifetime discrepancy. The strong tension of ~ 4.50 suggests the existence of a
systematic effect that is not taken into account in either type of experiment.

Discussion on A and V4

This neutron lifetime discrepancy can also be seen from the eyes of the Standard Model.
Equation 1.14 relates the neutron lifetime to |V,4| and A, two other fundamental param-
eters of the SM, briefly described in section 1.1.2. Today’s most precise determination of
|Vial comes from superallowed 0% — 0% beta decays with [3] :

Vialgs o+ = 0.97373 + 0.00031. (1.26)
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FIGURE 1.8 — The neutron lifetime discrepancy between beam and bottle mean lifetime
values. The green point corresponds to a preliminary result from J-Parc [30] as discussed
in Section 1.2.4. All bottle experiments appearing here are the ones taken into account
in the latest PDG average.

For the axial-vector to vector ratio, the latest recommended value from the PDG is :
Arpg = —1.2754 + 0.0013. (1.27)

This is a weighted mean value of several experiments that measure either the asymmetry
or the angular correlation coefficients (A and a, respectively). All values used to compute
Appe are summarized in Table 1.2. We also provide a figure compiling these values in
Appendix A. The plot illustrated in Figure 1.9 clearly shows that A\pp and [Via|g+ o+ are
in very good agreement with the actual mean value for the neutron lifetime.

However, this agreement can be challenged by questioning the validity of the values of
A and |V,4|. All the values used to compute the actual App are fairly evenly distributed
between |A| &~ 1.26 and |A| ~ 1.28. The most accurate determination of A comes from the
PERKEO III experiment with a reported value of A = —1.27641 + 0.00045 £ 0.00033 [42] in
2019 and a level of precision < 0.045%. This result is in line with 4 other values |A| = 1.275
published after 2005. The 2020 result from the aSPECT spectrometer |\| = 1.2677+0.0028
[38] on the other hand, is better aligned with the remaining values |A| < 1.27, all published
before 2001. Using |Via|g+ o+ as reference, it can be seen in Figure 1.10 that |A| <

1.27 values are in good agreement with 70 whereas |\| = 1.27 values show a better

n
consistency with rPottle,

Now, the discussion on |V,4| is a bit different. As mentioned above, the value used in
Figure 1.9 comes from the evaluation of Ft values in superallowed 0T — 0% (3 decays. It
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Category 7, (s) Comments Ref.
889.2 + 3.0 + 3.8 Reevaluation of the NIST 1990 result [31] [29]

Beam 887.7+ 1.2+ 1.9 Reevaluation of the NIST 2005 result [15] [17]
898 + 10715 JPARC preliminary result [30]
878.5+ 0.7+ 0.3 ILL gravitational trap 26]
880.7 £ 1.3+ 1.2 ILL MAMBO2 material trap [32]
882.5+ 1.4+ 1.5 Reevaluation of the MAMBO1 1989 result [21] [23]

Bottle 880.2 + 1.2 ILL material trap [24]
881.5+ 0.7+ 0.6 ILL gravitational trap [27]
877.7 +0.77575 Los Alamos Halbach array [28]
8783+ 1.6+ 1.0 ILL magneto-gravitational trap [33]
877.75 £ 0.28707  Los Alamos UCNT [13]
TABLE 1.1 — All neutron lifetime values used in Figure 1.8.

is assessed through Equation 1.9 which is also equals to :
K (1.28)

Ft = ,
2G2| Ve’ (1 + AR)

where K /(hc)® = 2m3h1n2/(m.c?)5. The average Ft value has been very consistent for the
last 30 years, leading to values of |V,4] in the vicinity of 0.974 while the relative precision
of ~ 0.1% has improved to ~ 0.03%. A recent nuclear charge radius measurement in
26m A] [44], one of the nuclei used in [3], challenged the accepted mean value of Ft at
the O(1074) level of precision, which makes it a good and different way to test future
evaluations of |Vq4l.

The actual value of |V,,q|y+ o+ is also in very good agreement with the nuclear structure
independent 7+ — 7e*v decay investigated by the PIBETA apparatus with a reported
value of |V,q|"™™ = 0.9728 £+ 0.0030 in 2004 [45]. The main concern about |V,4| is due
to the existing 2.20 tension between |Vig|* + |Vis|” + Vs> = 0.9985 + 0.0007 and the
alleged unitarity of the CKM matrix. Addressing the discrepancy solely through |V,4|
would necessitate a value of approximately 0.9745 to resolve the tension. A value of
|Vaal = 0.971 would be required to make it consistent with both App and Tfjeam. However,
such a difference toward a lower value seems very unlikely given the context.

Compiling these informations on A and |V,4| into the parameter space yields a rather
different outcome than in Figure 1.9. The value |V,4| &~ 0.9745 required to achieve the
unitarity of the CKM matrix and A values from PERKEO III and aSPECT spectrometers
have been added in Figure 1.10. Measurements with |A| > 1.27 are generally more recent,
achieved a better level of precision than the other experiments, and are consistent with
rPottle  The remaining values clearly paint a different picture. Despite its precision being
much lower than the PERKEO measurement, the AT result from 2020 remains compet-
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FIGURE 1.9 — The beam bottle discrepancy compared to the values of A and |V,4|, the
other two main quantities needed to compute the theoretical value of the neutron lifetime.
The actual most precise determination of V,4; and the PDG mean value of A strongly
disfavor the neutron lifetime from beam measurements.
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F1GURE 1.10 — The beam bottle discrepancy compared to the ]Vud]0+_,0+ as reference and
A values from the PERKEO 111 and aSPECT spectrometer. The dotted line shows the value
required to achieve CKM unitarity through V4 only.
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A AN A (%)  Year Ref.
—1.262 + 0.005 0.39 1986 [34]
—1.2594 + 0.0038 0.30 1997 [35]
I\ <1.27  —1.266 + 0.004 0.32 1997 [36]
—1.2686 + 0.0046 £ 0.0007  0.36 2001 [37]
—1.2677 + 0.0028 0.22 2020 [38]
—1.275 4 0.006 + 0.015 1.27 2008 [39]
—1.2748 £ 0.00087 00015 0.11 2013 [40]
A > 1.27  —1.2772 4+ 0.0020 0.16 2018 [41]
—1.27641 + 0.00045 + 0.00033  0.04 2019 [42]
—1.2796 + 0.0062 0.48 2021  [43]

TABLE 1.2 — All measurements of A used to compute the actual PDG mean value.

itive compared to other |\| > 1.27 values and allows the possibility that 72 represents
the true neutron lifetime associated with the 8 decay process.

1.2.4 Other results and future lifetime experiments
Space-based approach

Given the importance of the neutron lifetime, there is a clear need to further improve the
accuracy of its determination and to solve the discrepancy between beam and bottle ex-
periments. A recently highlighted but different approach, originally suggested by Feldman
in 1990 [46], utilizes observations from space missions to determine the neutron lifetime.
In this method, free neutrons produced by cosmic-ray spallation reactions around a planet
atmosphere are observed with a spacecraft, and the neutron detection rate with respect
to the distance between the planet and the spacecraft is used to assess the lifetime. A first

]

FiGURE 1.11 — LHS: NASA’s MESSENGER spacecraft. RHS: The neutron spectrometer
used to collect data during flybys of Venus and Mercury.
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result using data from the neutron spectrometer on NASA’s MESSENGER mission during
flybys of Venus and Mercury in 2007 and 2008 reported a lifetime of 7, = 780 + 60 & 70
seconds in 2020 [47], demonstrating the feasibility of this approach. The spacecraft and
the neutron spectrometer are shown in Figure 1.11. This result was directly followed by
another one using data from the neutron spectrometer onboard NASA’s Lunar Prospec-
tor orbiting the Moon in 1998 with a reported lifetime of 7-¥ = 887 + 14 ™7 seconds [48)].
Future space observations dedicated to measuring the neutron lifetime from Earth orbit,
Venus orbit, or on the Moon surface should reduce both the statistical and systematic
uncertainties to the 1s level, thus competing with laboratory experiments [49].

Future lifetime experiments

Returning to Earth, many more experiments are planned in different facilities around
the world to help clarify the situation. A beam experiment at J-PARC measuring both
neutrons and electrons reported a preliminary result of 7/"%¢ = 898 + 10 *13 seconds
using a pulsed neutron beam [30]. The apparatus has recently been updated to lower
the uncertainty for a future experiment to the 0.1% level [50]. An improved cold neutron
beam experiment, called BL3, is also on the way at the NIST facility, aiming to improve
and better control every aspect of the 2005 experiment to reach a precision of ~ 0.3 s
[51]. A hybrid beam-bottle experiment, called UCNProBe and currently in development
at Los Alamos, aims to monitor both the number of neutrons and the number of electrons
(emitted from neutron § decay) within the bottle [52]. A paper demonstrating the ability
of a YAP:Ce scintillator to monitor the population of UCNs was recently published [53].
Finally, another bottle experiment named 7SPECT, using a three-dimensional magnetic
field gradient to trap UCNSs, reported a preliminary result of 7757"°" = 859(16) seconds
[54]. Both the UCNProBe and 7SPECT experiments aspire to improve and achieve a
precision level of 0.3 s in their future results.

1.3 Summary

Measuring an accurate value of the neutron lifetime has been an ongoing quest for the
past 30 years or so and remains at the heart of many discussions in fundamental physics.
The two primary methods for measuring the neutron lifetime are known as the bottle
method and the beam method. The bottle method involves confining ultracold neutrons
in a trap and counting how many have survived after a certain amount of time. The
beam method, on the other hand, involves passing a beam of cold neutrons through a
defined volume and detecting the decay products. These methods yield results with a
slight difference at the 1% level, often referred to as the neutron lifetime discrepancy.

Moreover, if the neutron lifetime predicted by the SM seems to align with the bottle re-
sult, we have seen in this chapter that the internal disagreement between A measurements
and the discussion on V,4 can paint a different picture, favoring the beam result. The
situation on the neutron lifetime should be clarified as many experiments with innovative
and complementary approaches are planned in the near future.
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Chapter 2

Attempts at resolving the
discrepancy

This long-standing 1% discrepancy with a tension at the level of 4.50 between the lifetimes

of the beam and the bottle experiments has not yet found an explanation. Assuming that

this divergence is not caused by any overlooked systematic effects in the experimental

design or data analysis, its origin must lie at a more fundamental level. In this chapter,

we review different effects that could alter the measurement of the neutron lifetime and

therefore be potential solutions to the discrepancy between beam and bottle experiments.
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CHAPTER 2. ATTEMPTS AT RESOLVING THE DISCREPANCY

2.1 Beyond experimental effects

The neutron lifetime discrepancy has triggered many different debates within the physics
community in an effort to resolve the problem. As discussed in the previous chapter, some
neutron lifetime experiments stand in a cross-fire between criticisms from the community
and reevaluations of their past result. Experimentally speaking, neutrons are difficult to
handle with probably many undermined technical effects. Improving our understanding of
these effects is crucial, especially in a context where experiments are required to fulfill the
constantly growing need for better precision levels. However, most of the debate does not
actually focus on such problems. In fact, many discussions sparkled by the discrepancy
are actually about searching for new physical processes involving free neutrons, either in
the confines of the Standard Model or beyond.

Right now, beam experiments are only sensitive to charged particles emitted after a
[ decay, whereas bottle experiments are sensitive to any neutron vanishing mechanism
inside the trap. Therefore, discussions involving new neutron physics in the literature
usually try to solve the discrepancy by considering either 7, = 7°°"¢ or 7,, = 7P®™ and
introducing a new process to explain the difference from its counterpart.

2.1.1 Radiative and bound-state S decay
Radiative [ decay

Particular aspects of neutron  decay are its radiative and bound version. In a radiative
[ decay, a photon is also emitted in the final state like :

n—p+e +v.+7 (2.1)

where the photon mainly comes from electron bremsstrahlung. This specific decay chan-
nel was thoroughly investigated in 2016 in an experiment at NIST [55]. The experiment
covered a wide energy range between 0.4 keV and () = 782 keV and measured a total
branching ratio ~ 1% for this radiative mode. Even though the branching ratio is com-
patible with the actual neutron lifetime discrepancy, this decay mode is not responsible
for it. In principle, an additional v in the final state should not cause problems in any of
the beam or bottle experiments.

Bound-state § decay

In a bound-state 8 decay, the electron is not emitted into the continuum, but rather
directly into an atomic orbital of the daughter nucleus. This exotic decay mode was first
conceptualized in 1947 by R. Daudel [56], suggesting that the electron is not produced
with sufficient energy to escape the attracting field of the nucleus. Following this idea,
it was proposed in 1951 by S. G. Cohen [57] that such a process could also occur in free
neutron decays like :

n — Hu,, (2.2)
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where the electron is located inside the K-shell of the hydrogen nucleus. This process
is also called the neutron two-body decay. Cohen estimated the branching ratio for this
decay mode to be 6 x 107% and later presented this idea as a potential way to probe the
mass of the neutrino [58]. In 2009, a more sophisticated theoretical evaluation of this
branching ratio was given with a value ~ 4 x 1079, in good agreement with Cohen’s work
[59], but far below the actual neutron lifetime discrepancy. Despite being proposed nearly
80 years ago, experimental studies on bound-state § decay are relatively scarce. The first
observation of this process was reported in 1992 in fully ionized '$3Dy%* nuclei [60]. It
was also observed in ¥TRe™* [61] and in 2 T1%'* [62].

An article published in 2024 investigated the impact of taking into account the second
solution of the Dirac equation for the hydrogen atom in the calculation of the branching
ratio [63]. These emitted atoms are usually called the Second Flavor of Hydrogen Atoms
(SFHA) and supposedly remain dark, as they do not emit or absorb any electromagnetic
radiation. The author in this article calculated a final probability that is increased by
a factor of 3300 compared to previous calculations. This results in a branching ratio of
Brys = (1.15 + 0.27)%; in good agreement with the actual neutron lifetime discrepancy.

On the experimental side, some designs have been suggested in the past two decades
to detect hydrogen atoms resulting from the decay of free neutrons, but they have yet
to be realized [64, 65, 66]. If bound-state 8 decays can occur in free neutrons, it should
impact beam experiments that rely on the detection of charged particles to measure the
neutron lifetime. If a bound state § decay is observed in a future experiment, it should
resolve only a small fraction of the actual beam-bottle discrepancy, as the proposed SFHA
cannot be detected.

2.1.2 Mirror oscillations of free neutrons

Neutron mirror oscillations refer to a hypothetical phenomenon in which neutrons can
oscillate between their ordinary state n and a mirror state n’. This concept suggests
the existence of a parallel sector of mirror particles that can interact through gravity
with our ordinary matter [67]. It also provides a description of a mixing mechanism for
neutral particles such as free neutrons with their mirror partner [68]. The strength of the
interaction is known as the mixing angle 6,, and spontaneous mirror oscillations could
occur for nondegenerate mass partners such as :

My, = My + Am, (2.3)

where |Am| is usually estimated to be in the 1-100 neV range. If an ordinary neutron
oscillates into its mirror counterpart, it is therefore no longer detectable. Moreover, mirror
neutrons could also decay like n’ — p'e’~ 1.

The neutron lifetime discrepancy could therefore be the result of different behaviors of
the mirror oscillation rate with respect to each beam and bottle experimental setup [69,
70, 71]. Tt could also be responsible for a potential discrepancy within bottle experiments
between material and magnetic traps, as suggested in [71]. A direct experimental search
for mirror oscillations in a 6.6 T magnetic field excluded the presence of mirror oscillations
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for |[Am| 2 10 neV [72], severely constraining this model in both beam and magnetic bottle
experiments.

2.1.3 Soft scattering between neutrons and dark matter

Another way proposed in 2021 to solve the lifetime discrepancy considers a potential new
interaction between neutrons and dark matter [73]. In this model, the authors assume the
existence of a dark gauge vector particle A to which neutrons can couple through a dark
electric dipole moment. In this scenario, GeV-scale dark matter could be able to transfer
kinetic energy FEl,.ns > 50 neV to neutrons through a soft scattering process.

This effect would primarily play a role in bottle experiments, where UCNs are con-
fined due to a potential of the order of 50-100 neV. The additional kinetic energy obtained
through the scattering process allows the UCNs to escape the bottle, increasing the ob-
served vanishing rate of the population inside the trap and resulting in a shorter lifetime.

2.1.4 Existence of a neutron excited state

Recently, it has been suggested that the beam bottle discrepancy might be resolved by the
presence of an excited state in free neutrons [74]. In this scenario, neutrons in the excited
state can release the energy either through an electromagnetic transition by 7 emission
to the ground state with a lifetime 7, as n* — n7y, or as additional energy during the
decay n* — pe~ 1, with a lifetime 7.. In this model, the § decay from the ground state is
done with a lifetime 7,. If the lifetime of this excited state is long enough, it could play
a role in the beam bottle discrepancy with respect to their experimental design.
Neutrons in beam experiments are usually detected shortly after their production in
theam ~ 25 ms. On the other hand, neutron monitoring in bottle experiments is usually

893 [s] production
Q T

885] vl 1) \
[ beam
880 | experiment vod T,

875} ‘%

[ bottle
870 | experiment
[ tbeam
| T 7
865 o Y bottle
» Yok > 100s
t [s]
0.001 0.010 0.100 1 10 100

FIGURE 2.1 — Evolution of the observed neutron lifetime with respect to the time after
neutron production. In this image, taken from [74], the authors assumed 7, = 4s and that
all neutrons at t = 0 are in the excited state.
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performed after a certain time tpo1e = 100 s, which is used to moderate and clean the
neutron population after its production. If the following hierarchy is established :

theam & Ty & thottle < Ty < Te, (2.4)

and if neutrons can populate both the ground state and the excited state after their
production in beam and bottle experiments, then the cleaning time #,40 could account
for the shorter lifetime in bottle experiments as illustrated in Figure 2.1. This hypothesis
was recently tested in [75] where data from the UCNT experiment [13] was reanalysed,
but found no evidence of a neutron excited state with ¢, > 139s with a 95% confidence
level.

2.2 The neutron dark decay

To reconcile the beam and bottle lifetimes, Fornal and Grinstein proposed in 2018 that
neutrons could have new decay channels that do not involve a proton in the final state
[76]. This framework assumes that the correct neutron lifetime is the one computed with
bottle results and interpret the beam value as a correct but partial lifetime associated
with the neutron S decay. Therefore, the new decays should have a combined branching
ratio compatible with the actual lifetime discrepancy :

Y Br(n - p) < 1%. (2.5)
The proposed decay channels are as follows :
n = X7, n—ye'e, n— xo, (2.6)

where x is a dark fermion and ¢ a light dark scalar. In an effective picture, these dark
decays are the result of a mass mixing process between the neutron and the dark fermion.
In the case of the third decay scenario n — y¢, mass mixing would first occur with an
intermediate dark fermion y. The effective Lagrangian behind this process can be written
as :

Leg = (nx" + X'n), (2.7)

where ¢ is the mass mixing term with dimension of mass and ' is either the intermediate
or final state dark fermion. In the first proposed decay, the emission of a monoenergetic
photon is made possible by coupling the neutron magnetic moment to the electromagnetic
field. These scenarios are open under one model-independent condition : the stability of
nuclei, which as we will see later, also encompasses the stability of the free proton. Unless
stated otherwise, most of the following discussions and equations regarding the dark decay
model can be found in the following references [76, 77, 78].
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2.2.1 Open mass range
Stability of “Be

The condition of nuclear stability limits the total mass of the products my emitted in these
new scenarios. It is an energy condition that ensures that a neutron inside a nucleus can
undergo a dark decay only if the reaction is exothermic :

My, — Sp < My < My, (2.8)

where m,, = 939.565 MeV is the mass of a neutron and S, is the neutron separation energy
for a specific nucleus. The stable nucleus with the lowest S,, value is Be with S,(°Be) =
1.664MeV. Taking one neutron out of ?Be would lead to the creation of ®Be which is an
unbound system corresponding to a 2a resonance. The impossible decay Be — aaf,
where f are the particles emitted after a neutron dark decay, further constrains Equation
2.8 by 93 keV which becomes :

937.993 MeV < my < 939.565 MeV. (2.9)

This inequality was first written 937.900 MeV < m; in the original publication by Fornal
and Grinstein considering the dark decay not available °Be — ®Bef. Some references in
this chapter used this condition before the 93 keV adjustment proposed by Pfiitzner and
Riisager [79]. In this manuscript, we will align with the latter and stronger constraint.

Proton and dark matter stability

The open mass range in Equation 2.8 is compatible with the stability of the proton.
Indeed, assuming that a proton could also go through a dark decay like p — fe™r would
require my < my, —m, = 937.761 MeV which is smaller than the lower bound in Equation
2.9 and therefore not permitted. Finally, the fermion x and the scalar ¢ in the final state
can be viable dark matter candidates by making them stable against the following 8 decay
x — pe~v. This condition is written in a slightly different manner according to the dark
decay scenario. In the n — x7 decay, one simply needs m,, < m, + m., while in the case
of n — x¢, this condition can be written as |m, —mg| < m,+m.. Both lead to the same
upper limit at m, + m, = 938.783 MeV.

The open mass range equations for the dark particles following both the stability of
nuclei and dark matter conditions are :

937.993 MeV < m,, < 938.783 MeV, (2.10)
for the n— xv and the n— yete™ channels and
937.993 MeV < m, + my < 939.565 MeV with |m, —my| < 938.783 MeV, (2.11)
for the n—x¢ decay.
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Available energy for the v and e¢te™ pair

These mass ranges for dark particles can now be used to set constraints on the v and the
ete” pair emitted in the corresponding dark decay channels. Combining Equations 2.9
and 2.10, we can deduce the energy range for the ~ :

0.782MeV < E, < 1.572MeV. (2.12)
For the e™e™ pair, this equation becomes :

1.022MeV < E,+.- < 1.572MeV, (2.13)

which, in a classical approach, can be written like F.+.,- = 2m,+7T,+.-, where T, +.- is the
total kinetic energy of the e™e™ pair that should not exceed 550 keV. It is also important
to note that in the n — x¢ channel, there is no specific mass hierarchy to respect. One
could have mg « m,, mg ~ m, or any other combinations consistent with Equation 2.10
whereas, in the other channels, we must have m, < m,,.

2.2.2 Effective Lagrangians and decay rates
Dark fermion + Gamma

The decay channel n — y~ can be described by an effective Lagrangian containing the
mass mixing interaction from Equation 2.7 and the neutron magnetic moment :

E?ﬁ =7 (z& —m, + ég;j J’“’FW> n+ x(id — my )X + e(nx + xn), (2.14)

n

where g, is the neutron g-factor, o** = i/2[y*,~v"] with the Dirac gamma matrices '
(i =0,1,2,3) and F),, is the electromagnetic field tensor. A tree level Feynman diagram
of this process is shown in Figure 2.2. The dark decay rate for this channel can be written

like : . )
2 2 2
In® mX €
P, = (o)) (2 ), 2.15
X 128w ( m%) (mn — mx) " (2.15)

FIGURE 2.2 — Feynman diagram of the decay n — x7.
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Dark fermion + Dark scalar

A tree level Feynman diagram of the n — x¢ channel is shown in Figure 2.3. The
effective Lagrangian for this process can be written using £5f with the mass mixing
process occurring with the intermediate dark fermion y later decaying into x and ¢ :

L = LT (x = X) + A\sXx@ + hee) + X(id — my)x + 0,0" "¢ — mi|o[*,  (2.16)
where )\ is the coupling between y, x and ¢. This yields the following decay rate :

Ao
167

2
€
oo = eV = AT = 2P~ (=) (27
my, — My
where z = m, /m,, and y = my/m,,. We provide a step-by-step demonstration on how to
achieve this last decay rate in Appendix B.

FIGURE 2.3 — Feynman diagram of the decay n — x¢.

2.2.3 Investigations of the n — yv and n — yete™ decays

The energy conditions given previously provide a clear signature with typical SM particles
that can be used to probe two out of the three proposed decay scenarios in a free neutron
decay experiment. In the same year following the release of [76], two experiments looking
for the emission of a v or a ete™ pair published severe constraints on both dark decays.
The first corresponds to an experiment performed at the Los Alamos UCN facility and
was looking for the emission of a monoenergetic v ray from the decay of UCNs trapped
inside a nickel-phosphorous-coated bottle [80] located upstream of the UCN7T Halbach
array [13]. A lead shielded, Compton-scatterring-suppressed HPGe detector was used to
monitor the emission of any 7 rays in the 0.782MeV < E, < 1.664 MeV range, compatible
with x being a dark matter candidate. Their findings showed to be conflicting with the 1%
required to solve the neutron lifetime anomaly, excluding the n— y~ decay as a solution
to the beam-bottle discrepancy with a 97% confidence level.

Shortly after, the Ultracold Neutron Asymmetry (UCNA) collaboration published an
article investigating the n — yeTe™ decay mode [81]. The apparatus, first designed to
measure the neutron § asymmetry parameter, can also be used to look for the emission of
a ete™ pair following a neutron dark decay. Using data from an experimental campaign
carried out in 2012-2013, they also excluded the n — yeTe™ decay as a solution to the
neutron lifetime discrepancy for (Eg+.- — 2m.) = 100keV. A third paper, further con-
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FIGURE 2.4 — Exclusion diagram for the n — xe*e™ channel from the PERKEO publi-
cation [82]. Exclusion zones from UCNA [81] and PERKEO II are displayed in blue and
beige respectively. The horizontal grey dotted line correspond to the actual beam-bottle
discrepancy.

straining the n — yete™ decay was published about a year later [82]. Data collected by
the PERKEO 1II experiment, also designed to measure the neutron  asymmetry parameter,
were used again to look for the signature e™e™ pair. Their analysis gave results consistent
with UCNA, extending their constraint for (F.+.- — 2m.) 2 30keV as shown in Figure
2.4. There is still a small ~ 30 keV window left unprobed by both experiments, but it
seems very unlikely that it contains the whole dark decay.

Both of these investigated dark decay scenarios were experimentally proven to be
inconsistent with the actual neutron lifetime discrepancy, reaching levels of O(10™*) for
the open dark branching ratio. The only remaining option to reconcile the dark decay
model with the beam-bottle discrepancy is the n— x¢ decay. This branch contains only
undetectable particles in the final state. Therefore, it can not be probed in a free neutron
decay experiment similarly to the two other decays. However, alternative approaches can
be used to test the dark decay model, including the remaining n — x¢ decay. Investigating
the effects of dark decays in different systems, such as neutron stars or radioactive nuclei,
can serve as a viable strategy to validate or refute the model.

2.2.4 Neutron stars

A relevant discussion questioning the validity of the dark decay hypothesis comes from the
study of neutron stars. This approach does not directly investigate the proposed decays
by trying to observe an emitted SM particle, but rather looks for the consequences that
a neutron dark decay would lead to in these stellar objects. Neutron stars are remnants
of massive supergiant stars that have undergone supernova explosions. As their name
suggests, neutron stars are predominantly composed of neutrons, but they also contain
a significant presence of ions and electrons. These objects are extremely dense, with
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FIGURE 2.5 - LHS : Standard (APR) and boundary (Stiff and Soft) EoS. The dash-dotted
curves contains only standard nuclear matter whereas a dark fermion with m, = 938 MeV
or m, = 1200 MeV have been added in solid and dotted curves respectively. RHS : The
mass-radius distribution obtained from the EoS shown on the LHS. EoS with m, = 938
MeV completely fails to reproduce neutron stars with a 20 mass. Both images are from
[85].

masses on the order of ~ O(Mg) confined within a sphere with a radius of about 10
kilometers. A major interest in neutron star research is to correctly model the relation-
ship between the pressure P and the energy density . This P(e) relationship is known
as the equation of state (EoS) and is still an active field of research today. There are
many different EoS models, all with their own intricacies, which will not be discussed
here. Once an EoS is established, it can be used to compute its associated theoretical
(Mass — Radius) distribution of neutron stars. This is done by numerically solving the
Tolman-Oppenheimer-Volkoff (TOV) set of relativistic equations of hydrostatic equilib-
rium [83, 84].

Shortly after the publication of Fornal and Grinstein, a paper investigating the effect
of a neutron dark decay in neutron stars was released [85]. They used the APR model [86]
(named after Akmal, Pandharipande and Ravenhall) as an EoS of reference and used two
other EoS (namely, "soft” and "stiff”) that served as boundary scenarios in line with the
knowledge of uncertainties in nuclear interactions at the time of publication. These three
EoS were then used to compute their corresponding (Mass — Radius) distributions, all
capable of reproducing neutron stars with Mys ~ 2M, as shown in Figure 2.5. This mass
of 2Mg is in agreement with some of the heaviest known neutron stars in 2018 [87] with
accurately established masses such as the J0348+-0432 system (M = 2.01 + 0.04 M, [88])
and the J1614-2230 (M = 1.908 + 0.016 M [89]). Taking into account the emission of a
dark fermion y with a y — n coupling compatible with the neutron lifetime discrepancy
and m, < m, strongly softens the EoS. It also fails to reproduce neutron stars with
M ~ 2Mg, with predictions in the range 0.65 < M3 < 0.75 solar mass. This result
nearly ruled out the dark decay as a standalone model to explain the neutron lifetime
discrepancy, but was followed by many other papers trying to reconcile the dark decay
idea with neutron stars.

To align the dark decay with neutron stars, the community proposed to change and/or
add ingredients to the model. Some investigated the effect of adding a repulsive dark
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FiGURE 2.6 — LHS : EoS for standard nuclear matter in black, with n — x in red and
with n — yxx in blue. The solid and dashed curves correspond to two different model
of EoS. RHS : The mass-radius distribution for each EoS. Red lines agree nicely with the
results from [85] and blue lines are able to produce neutron stars with 2Mg. Both figures
are from [90].

matter self-interaction or repulsive interaction between dark matter and neutrons inside
the star [91, 92, 93]. Taking these interactions into account in the EoS allows to generate
neutron stars with 20, hence reconciling the dark decay model with these stellar objects.
A modified neutron dark decay was also proposed, with 3 dark fermions in the final state
like : n — xxx with m, ~ m,/3 [90]. This different channel was able to reproduce
neutron stars with 2Mg without additional interactions, as shown in Figure 2.6. Other
papers also investigated different aspects such as the presence of a dark photon in the
final state [94] or the impact of dark decays on the temperature and rotational speed of
neutron stars [95]. Although neutron stars are considered valuable tools for investigating
dark sectors [96], they currently do not provide conclusive evidence against the neutron
dark decay model.

2.3 Nuclear dark decays

In the original paper proposing the dark decay model [76], it was suggested that such exotic
processes could also be investigated in weakly bound radioactive nuclei with S,, < 1.665
MeV. Fornal and Grinstein first brought forward the " Li nucleus with S, (*'Li) = 0.396
MeV considering the following decay chain "Li — Li 4+ y — Li + n + x [76]. The idea
of dark decays in radioactive nuclei was then further developed by Pfiitzner and Riisager
[79]. They first proposed the 93 keV stronger constraint on S,, in Equation 2.9. The upper
limit on S,, then moved from S,, < 1.664 MeV to S,, < 1.572 MeV to allow the occurrence
of dark decays in radioactive nuclei. Then, they provided a list of 5 nuclei in agreement
with S, < 1.572 MeV : ®He, " Be, °C, '"C and the already proposed 'Li.
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2.3.1 Dark decay in "Li, 'Be, C and ''C

The discussion about nuclear dark decays is based on finding a candidate with sufficiently
low S,,/2, value, preferably < 0.782 MeV to probe the entire mass range for m, (see
Equation 2.10), while giving a clear and unique signature that a dark decay has occurred.
The four nuclei mentioned here are potential candidates proposed to investigate the dark
decay model. Unfortunately, discussions in [79] have shown that it would be impractical
to use them or that they would probe too little of the open mass range. We review here
the causes behind this case. For each candidate, the maximum branching ratio for the
dark decay was estimated in [79] simply through : Br, = tgi/)Q /)5, where t% is the half-life
of the ¢-th nucleus and t?/’; is the partial half-life of the free neutron dark decay.

"Li A dark decay in this nucleus would be such that : 'Li — °Li + n + x (as °Li is an
unbound system) with Sa,(*'Li) = 369.3(6) keV and an estimated branching ratio
upper limit ~ 1077, The low Ss, value allows this decay to probe the entire mass
range for y to be a DM particle. Unfortunately, other decay channels could lead
to the creation of the same particles in the final state. Indeed, fn and fd decay
leading to the emission of a neutron or the production of °Li respectively are already
possible from the ''Li ground state. Also, the open but unobserved yet Sp decay
channel would result in the emission of both a ?Li nucleus and a free neutron, just
like the dark decay. Therefore, experimenting with ' Li would require disentangling
all decay channels, making it very difficult to isolate and observe the potential dark
decay.

"Be Here, the dark decay can be written like : ''Be — “Be + y and has an estimated
branching ratio upper limit at ~ 10~%. As with ''Li, the first neutron separation
energy S,(''Be) = 501.6(3) keV allows to probe 100% of the open m, range for
X to be a DM particle. Detecting °Be nuclei correlated with the decay of a "'Be
population could have made this nucleus a very interesting candidate to test the
neutron dark decay. Unfortunately, the small 8.3(9) x 107 8p decay channel also
feeds the production of "Be nuclei [97]. Although not as complex as with "Li,
isolating the dark decay channel with great accuracy from Sp channel would remain
a difficult task.

5C Similarly to 'Be, a dark decay in *C would be like : **C — C + y. The upper
limit for this decay is estimated at ~ 107°. '°C only has multiple but simple j3
decay channels open, all feeding either the ground state of the stable nucleus >N
or some of its excited states. The proton emission threshold S,("’N) = 21.08(2)
MeV far exceeds Q5(15C) — 9.77 MeV, making it impossible for *C to feed the
production of *C nuclei from its ground state except via a dark decay. Therefore,
C could serve as a suitable candidate to investigate the dark decay by observing
the emergence of long-lived *C isotopes in its decay. Regrettably, the relatively
high S, (*°C) = 1.218(1) MeV restricts about 55% of the open mass range, making
this a "low-risk low-reward” isotope.
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"C The dark decay with this nucleus would result in the production of the radioactive
1C like C — '°C 4 y with an estimated upper limit at ~ 107%. The S, (*'C) =
0.734(18) MeV value makes this nucleus sensitive to all the open mass range. The
A = 16 carbon isotope would then mostly decay into the stable >N nucleus through
the Bn channel, or into the unstable N via a simple 3 decay which can later feed
the production of **O or C stable isotopes. Although unobserved yet, the 52n
channel is energetically open from the ground state of ’C and feeds the production
of '°C and 2 free neutrons since Q('"C) = 13.2 MeV is greater than Sy, (*’N) = 8.4
MeV. The authors in [79] make the point that, due to this potential decay channel,
7C would not be a practical choice to investigate nuclear dark decays. This point
is challenged in the next section.

2.3.2 Discussing the "C case

First decay ti/2 (s) Second decay

(''C) = 0.193(5)

(B) — '°N (see next lines)

17 16 16
C - %C 4+ C) = 0.750(5
X (7C) (5) (Bn) — 15N stable
(B) — 170 stable
TG LN+ B+ 7, (17N) = 4.171(3) (Bn) — 160 stable
(Ba) — 13C stable
— 150 stabl
"C o N+ B+v.+n  (N)=7.13(1) ) 12 e
(Ba) — *“C stable
170, 1N + B+, +2n (15N) = stable none

TABLE 2.1 — All '"C decay channels including the unobserved 32n and the potential dark
decay.

The authors in [79] argued that the formation of N nuclei could result from dark
decays or 32n decays in '"C, thus depriving this nucleus of any distinctive decay products
caused by a dark decay. Although '"C does not appear to be a favorable candidate to
investigate the dark decay model, we will now discuss a potential way to do it based on
the different half-lives of all nuclei involved in the '"C decay. The 8 and fn as well as
the unobserved 42n and the dark decay from the '"C ground state are listed in Table 2.1.
From this table, we can see that all the particles present after a dark decay also appear in
all the standard decay channels. Although there is no unique particle emission that can
be linked to a dark decay, it would be possible to detect and isolate a signal correlated
to a dark decay through the several neutron emission channels involved in the *'C decay
scheme.
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Neutron emission in such decays implies going through very short-lived states with
typical lifetimes much shorter than the lifetime of any nuclei in Table 2.1. As a result, all
neutron emissions discussed here can largely be considered as following the half-life of the
parent nucleus only. Therefore, without any dark decays, neutron detection in a simple
implantation and decay experiment should only follow the half-lives ¢, 5('"C) = 0.193(5)
s and t15(""N) = 4.171(3) s. In the case of a dark decay, a third component following the
half-life ¢, 5('°C) = 0.750(5) s should also be detected. There is a factor ~ 4 between each
lifetime value, which in the case of neutron detection should leave no ambiguity about
the decay channel involved. The feasibility and expected outcomes of such an experiment
are discussed in more detail at the end of this manuscript as a perspective.

2.3.3 Dark decay in “He

5.66 MeV

3508 MeV -

FIGURE 2.7 — Decay scheme of the ®He nucleus. The S, (°Li) value is located 5.66(5)
MeV above the °Li ground state, making it unreachable for a “He nucleus at rest.

The %He nucleus is a Borromean system composed of a He core and a halo of two
neutrons. The S,(°He) = 1.7 MeV actually does not meet the energy requirement, but
the Sy, (°He) = 0.975 MeV does. A dark decay in this nucleus would therefore take the
form of the following 3-body decay :

He — *He +n + ¥, (2.18)

where a “He nucleus in its ground state and a free neutron are emitted without going
through the unbound °He system as an intermediate step. In its ground state, the °He
nucleus decays predominantly to the °Li ground state with a small 3d channel that results
in the emission of free v and deuteron particles. The neutron emission threshold S, (°Li) =
5.66(5) MeV is well above the °He ground state, making it unreachable without additional
energy. The He decay scheme is shown in Figure 2.7.

Neutron emission is not allowed in a standard ®He decay except via the channel pro-
posed in Equation 2.18. In contrast to "Li and "Be, it is not necessary to rely on
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complementary measurements required to distinguish the dark decay signal from a stan-
dard decay channel. In this framework, detecting free neutrons emitted from the decay
of %He nuclei would therefore be a unique and clear signature of dark matter creation. In
addition, Sy,(°He) = 0.975 MeV enables the investigation of approximately 75% of the
available mass range for y to be a potential dark matter candidate. Finally, the emitted
neutron is expected to have a kinetic energy £, < 0.6 MeV.

2.4 Summary

Many different scenarios presented in this chapter could provide a solution (complete or
partial) to the neutron lifetime discrepancy. An idea that has gained a lot of attention
in the past 6 years is the neutron dark decay model presented by Fornal and Grinstein
in 2018 [76]. This model assumed that the bottle results discussed in the first chapter
give the correct total neutron lifetime, whereas the beam results give the partial neutron
lifetime from [ decay. Hence, explaining the discrepancy with new channels required
neutral or invisible particles in the final state.

Although the decay channels that involve SM particles in the final state have already
been severely constrained [80, 81, 82|, alternative approaches are needed to test the last
open channel with invisible particles only in the final state. Right now, studying the
impact of neutron dark decays in neutron stars does not provide sufficient information to
confirm or disprove the model. The only possibility left to further investigate it is through
nuclear dark decays. The discussion in [79] and reviewed in this chapter have shown that
the ®He nucleus is an ideal candidate to test the dark decay, as it proposes a clean and
unique signature while covering a large part of the open mass range for the dark fermion.
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Chapter 3

E819S experiment at GANIL

The E819S experiment took place at the Grand Accélérateur National d’Tons Lourds
(GANIL) and lasted one week in June 2021. In this chapter, we will give a description
of this experiment, from beam production to the experimental setup. The calibration of
each detector used during the campaign is also discussed.
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3.1 Overview of the experiment

Production of the *He™ and ®He™ radioactive beams

The aim of this study is to investigate the possible existence of a neutron emission decay
branch in the disintegration of the ®He nucleus, which can be related to dark matter
creation through the model of Fornal and Grinstein [76]. The GANIL facility is capable
of producing a low-energy, high-intensity radioactive ®*He beam (~ 10° pps), which is
required to probe this dark decay mode, since its branching ratio is expected to be very
low (Br, < 1.2 x1079).

The production technique is first based on an Electron Cyclotron Resonance (ECR)
ion source coupled to a compact cyclotron is used to produce a primary *C beam at an
energy lower than 1 MeV/A. This beam is then sent to the CSS1 and CSS2 separated
sector cyclotrons to be accelerated at an energy of 95 MeV /A. Finally, the primary beam
is delivered to the SPIRALL facility to produce the secondary radioactive beam using the
Isotope Separation On-Line (ISOL) method [98]. The primary beam hits the Nanogan3
target-ion source composed of a thick and multilayered 2C target to produce “*He atoms
through nuclear reactions. These radioactive atoms are then released from the target
by effusion and stochastically enter the ECR ion source part, where they are ionized,
extracted, and separated by a dipole magnet to form a pure beam of °He* or ®He*. The
secondary beam is not post-accelerated by the CIME cyclotron. Instead, it is transported
directly to the experimental setup through the Ligne d’lons Radioactifs A Tres basse
énergie (LIRAT) line dedicated to low-energy beams, as shown in Figure 3.1. The beam
energy was ~25 keV and ~19 keV for *Het and ®He* ions, respectively.

ubo oxistant LIRAT

INE]

i

FIGURE 3.1 — Mock-up of the LIRAT line at the time of the experiment. The experimental
setup with the neutron detector TETRA is located at the end of the line on the right.

The experimental setup and method

The LIRAT line is composed of many dipole and quadrupole magnets to transport the
low-energy beam with an efficiency greater than 80%. Beam monitors placed along the
line were used to measure the spatial distribution of the beam. A silicon detector was
also used to provide an online assessment of the secondary beam intensity before sending
it to the experimental setup. During the campaign, the end of the line consisted of a thin
150 pm aluminum foil that served as a beamcatcher, as shown on the top right corner of
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I

I

et ]

Al catcher
HPGe detector

FI1GURE 3.2 — Top left : Picture of the experimental setup. The neutron detector TETRA
is in the middle, the LIRAT line is on the left, and the HPGe can be seen on the right
part of the picture. Top right : Picture of the thin aluminum foil in which the radioactive
ions were implanted and located at the center of TETRA. Bottom : Sectional view of the
neutron detector TETRA. This view also includes the HPGe, the plastic scintillator and
the aluminum catcher.

Figure 3.2. The low-energy ions were implanted and stopped inside this foil, where they
did not undergo any nuclear reactions, apart from decaying.

The experimental setup was built around the beamcatcher to observe the decay prod-
ucts. A fast electric deflector located upstream of the last dipole magnet was used to cut
the beam off and on. In a typical cycle, the ions were implanted for 3 seconds before
being cut for 7 seconds. In the dark decay scenario, free neutrons should be emitted at a
rate proportional to the implanted and surviving ®He population in the catcher. Other-
wise, the detected neutron should only come from the ambient background at a constant
rate. Therefore, the aim of this experiment was to measure neutron signals that follow
the %He lifetime within an implantation cycle. For this purpose, the main component
of our experimental setup was the high-efficiency 47 neutron detector called TETRA. In
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addition, we also used a high purity germanium (HPGe) semiconductor to detect v rays,
and a small solid angle plastic scintillator to monitor g particles, as shown at the top of
Figure 3.2. The signals collected by these detectors were sent to a FASTER digital data
acquisition (DAQ) system [99]. Furthermore, the intensity of the primary *C beam on
the 12C target and a pulse corresponding to the beginning of each implantation cycle were
recorded in the same FASTER DAQ. The data from the silicon detector placed in the
LIRAT line was registered with a different DAQ.

3.2 Neutron detector TETRA

3.2.1 Description

TETRA is an array of gas-filled counters arranged in 5 hexagonal layers that is dedicated
to the detection of slow neutrons. Counters are 500mm long steel cylinders with a 32mm
diameter. There is a thin tungsten wire in the middle that plays the role of the anode,
which is directly connected to its own preamplifier. The counters are filled with an
admixture of *He (~ 99%) and CO, (~ 1%) at a nominal pressure of 7 atm. Therefore,
neutron detection with TETRA is solely based on the following neutron capture reaction
with *He :

*He +n — *H + 'H + 765 keV. (3.1)

12 where E is the kinetic

The cross section of this neutron capture reaction varies as oc E~
energy of the incident neutron [100]. This means that the lower the neutron energy, the
higher the cross section. One advantage of this is that there is no threshold for neutron
detection with *He, but neutrons have to be slowed to thermal levels (~0.025 eV) to
have a better chance of being captured. For that reason, all *He counters are embedded
within a single-piece polyethylene structure that serves as a neutron moderator. Moreover,
this structure is placed inside a 15 cm thick layer of borated polyethylene (high-density
polyethylene + boron) used to shield the detector in order to highly suppress the detection
of background neutrons.

The reaction shown in Equation 3.1 is destructive, which means that there is no
possible cross-talk between the counters when it comes to neutron detection. It is also
an exothermic reaction. The H isotopes produced will be released into the gas with
kinetic energies of E(*H) = 0.191 MeV and E('H) = 0.573 MeV that are large enough
to ionize it. A high voltage of +1720V was applied to each counter, which corresponds
to the proportional counting regime. Then, the ionization products are collected by the
tungsten wire and give rise to a signal sent to the preamplifier. TETRA has its own
internal electronic system after the preamplifier with multiple layers to treat and record
an event. The signals after amplification usually have an amplitude 0.01 < A < 5 Volts
with a rise and a down time of ~ 2us and ~ Hus, respectively.

The signals from each counter were recovered directly after the amplification stage
and sent to the FASTER DAQ through a CRRC4 spectroscopy module connected to a
Mosahr board. The CRRC4 module is an analogic-to-digital converter (ADC) designed
to process signals every 8 ns (125 MHz). When a signal exceeds the detection threshold,
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an ADC window of 20us is opened, which corresponds to the average time it takes for the
baseline to be fully restored. During this time, both the timestamp and the maximum
amplitude are encoded. The thresholds for each counter were set as low as possible (~100
mV) so that they could be better adjusted offline during the data analysis.

3.2.2 Possible sources of background

The following is a simple list of the possible sources of background that can be detected
with TETRA. The evaluation of the background rate with respect to the deposited energy
in TETRA is discussed in Section 3.2.3.

Neutron from the production cave In addition to neutron events coming from a ra-
dioactive source or beam, a neutron flux can also be detected coming from the
production cave at a constant rate where the target-ion source is located and some-
what close to the experimental setup. Two types of background runs were performed
accordingly, with and without the primary '*C beam hitting the target to evaluate
the difference.

Cosmic radiations Although TETRA is a shielded detector and was located under-
ground during the experiment, cosmic-rays could still be detected from time to
time. Furthermore, even though they are randomly distributed in time, these ra-
diations are scarce and can produce a large number of events in a short period of
time, locally increasing the detection rate. Therefore, they can potentially add too
much weight during the implantation time and mimic the dark decay in °He.

Microdischarges A common source of background in gaseous detector in proportional
counting regime. Similarly, to cosmic radiations, the rate of these events can be
very disparate and alter the energy spectrum in the neutron detection range. It is
possible to discriminate these spurious events directly from their pulse shape and
risetime after the preamplifier [101]. This technique could not be used during the
experiment as we did not digitise the pre-amplified signal.

Photon detection Each counter can also be triggered by photons that can ionize the
gas. These photons can be ~v-rays that come from a nuclear transition. They can
also source their origin from a [-decay, which, in turn, leads to the emission of
bremsstrahlung photons from the interaction of the emitted [-particle with the
surrounding matter. Due to a very high ®He beam intensity (~ 10® pps, see Section
5.2.2), we detected a lot of bremsstrahlung radiations with TETRA. Although the
gas admixture in the counters was specifically chosen in order to allow for a very
good discrimination in the signal amplitude between photon and neutron events
[102], there is still a small probability that such radiations can lead to events within
the expected neutron detection range and mimic the dark decay we are trying to

1

observe Similarly to microdischarges, these events could have been partially

discriminated thanks to the same pulse shape analysis method [101].

IMCNP simulations of TETRA to test the gamma ray sensitivity. X. Ledoux (GANIL) private
communication
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3.2.3 Calibration

TETRA arrived at GANIL with 82 *He counters, two of which were not usable. The
remaining 80 counters were tested and calibrated in both efficiency and deposited energy
using a 2*2Cf neutron source. Eight other counters were not taken into account due to an
inappropriate response function or additional noise found during the ®He beam analysis.
In the end, unless otherwise stated, a total of 72 counters were used in the following work.

Properties of the ?*>Cf source

The source used to calibrate TETRA had an initial activity given by the GANIL Radiation
Protection Service (SPR) at 21633 Bq 16 days before the experiment with a relative
uncertainty of 10%. The source contains 92.295% of 252Cf isotopes, which is the main
neutron emitter for sources no older than 20 years [103]. The A = 252 isotope has a
half-life of 2.645(8) years. It has a spontaneous fission rate of 3.086(8)% with a mean
number of neutrons emitted per fission of 3.7675(40). The 16 days between the SPR
source activity assessment and the calibration runs were taken into account, reducing the
activity to 21386 Bq. Therefore, at the time of the experiment, the source had an emission
rate of r,, = 2295.9 + 248.8 neutrons per second.

Deposited energy calibration

TETRA was working in the proportional counting regime, which means that the ampli-
tude of each signal is directly proportional to the energy deposited by the particle ionizing
the gas. For that reason, all TETRA counters were calibrated in deposited energy with a
simple linear model as :

Edep = aC, (3.2)

where Ege, is the deposited energy in keV, C is the channel number attributed to the
signal amplitude and a is the conversion coefficient to be determined. Using the 252Cf
neutron source, we can assess for each counter its coefficient a using the 765 keV full
energy peak from the neutron capture reaction. The same approach was used directly
with the ®He data with runs performed before and after the experiment with the He
beam. The calibration coefficients returned were consistent with the one assessed by the
22Cf run performed at the beginning of the experimental campaign, except for some
runs at the very end of the experiment after an electronic shift and a reboot of TETRA
electronics. These last runs gave coefficients in agreement with two 2°2Cf runs performed
at the very end of the experiment and were used accordingly to ensure comparability
during the analysis.

Efficiency calibration

Background runs were performed to assess the background rate recorded by TETRA. For
all events with deposited energy less than 1 MeV, the rate was 40 Hz (mainly due to
pedestal effects), with only 1 Hz contributing to the background in the neutron detection
deposited energy range (between ~150 and ~ 820 keV). We observed a small increase in
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FIGURE 3.3 — Calibrated energy spectrum obtained with the ***Cf neutron source. Events
with Fg., < 150 keV are either from a pedestal effect or photon detection. Events in the
range 150 < Egep, < 850 keV come from ionization induced by the proton and triton from
the neutron capture reaction with the *He gas.

the latter value to ~ 1.1 Hz when the primary *C beam hit the target in the production
cave. Comparing the total number of events recorded with an energy deposition between
150 and 820 keV (corresponding to the ionization initiated by the neutron capture reac-
tion), to the source neutron rate r,, and the duration of the run, we obtain the following
neutron detection efficiency of TETRA ¢,, = (46.89 + 5.09)% with 72 counters.

The detection efficiency of TETRA has been shown to depend on the initial neutron
energy through MCNP simulations [105]. The detection efficiency is constant for an initial
energy below 1 MeV and then slowly decreases by a factor ~ 2 for energies between 1 and
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FIGURE 3.4 — Detection efficiency of TETRA with respect to the initial neutron energy
E,. The red line shows the efficiency curve of all TETRA whereas the blue and green
dotted lines show the efficiency of the inner and outer ring of counters, respectively. This
picture is a reproduction of Figure 6 in [104].
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10 MeV, as can be seen in Figure 3.4. In the case of a neutron dark decay in *He, the
neutron emitted in the final state is expected to have a kinetic energy under 0.6 MeV which
is in this constant detection efficiency range. The neutrons emitted from the radioactive
252Cf have a continuous kinetic energy distribution with a mean energy around 2 — 3 MeV
[100, 106]. Therefore, the detection efficiency presented above is underestimated but will
serve as a conservative value for the °He analysis.

3.3 HPGe detector

A high purity germanium semiconductor was used during the experiment to detect any
~ rays emitted during the ®®*He runs. The germanium crystal can be modeled simply
by a cylinder with a radius of 36.5 mm and a length of 56 mm. It is encapsulated in an
aluminum cap with a thin carbon window on the front. The crystal was cooled to 10—100
kelvin using a Canberra cryocooler apparatus with liquid nitrogen. The signal is sent to
a FASTER trapezoidal spectroscopy module connected to a Mosahr board and operating
in the Constant Fraction Discriminator (CFD) mode. In a simple threshold mode, pulses
that cross the threshold level and remain above this level during a predefined time are
treated. In the CFD mode, the signals from the Trigger module are modified according
to the following model :

Scrp(t) = s(t = 0) — fs(t), (3.3)

where s(t) is the amplitude of the incoming signal at time ¢ and Scrp(t) is its modified
value after the CFD. The constant fraction parameter is denoted as f and was set at
f = 1/2 during the experiment, and 6 is the delay parameter set to 8 ns. This trigger
mode is supposed to give a better assessment of the signal timestamp which corresponds
to the 0 amplitude crossing, as this treatment somewhat ensures that the amplitude just
before the signal is negative. The use of this mode, compared to a simple threshold, led
to some problems during the experiment, which will be discussed later in this chapter.
The germanium was calibrated in energy and efficiency using a '*?Eu source. A total of
9 different ~ lines were used for the calibration. These lines with their respective energies
and intensities are summarized in Table 3.1. The uncertainties on the energy are typically
very low (< 107°) and are not shown in the table. On the other hand, the uncertainties
on their associated intensities are given.

E, (keV) 121.78 244.70 344.28 411.12 77891 867.38 964.08 1112.08 1408.01
L, (%) 28.41  7.55 26.59 2238 1297 4.243 1450 1341 20.85
AL, 0.13 0.04 0.12 0.010  0.06 0.023  0.06 0.06 0.08

TABLE 3.1 — Energies and intensities of the ~ lines used for the HPGe calibration. In-

tensities correspond to the number of v rays emitted every 100 decays. All values can be
found in [107].
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3.3.1 Data analysis and calibrations
Energy and efficiency calibrations

Data were collected for 13483 seconds and 75264 seconds at the 20 and 40 c¢m positions
respectively. The detector was calibrated in energy using the following linear model :

E =aC +b, (3.4)

where a is the slope of the curve in keV /channel, b is an offset value in keV, C is the channel
number corresponding to signal amplitude and E is its corresponding energy in keV. The
peaks are fitted using a Gaussian model laid on top of a background described with either
a 0 or 1% order polynomial in the region of the peak. The Gaussian distribution is
written in the form :

_(e-p)?

G(z) = Goe™ 22| (3.5)

where G is the amplitude of the peak, p its mean value along the x-axis and o is the stan-
dard deviation. The energy of each ~ line is then plotted with respect to their measured p
parameter returned by the fit. Finally, the data are fitted using a first-order polynomial.
The values for a and b returned by the fit at both positions are given in the next table.
The calibration coefficient values returned for both fits are very consistent together with
only a very small difference in the offset.

Position (cm) a (keV/channel) b (keV)
21.7 0.0234(1) 0.8303(42)
43.7 0.0234(1) 0.9189(43)

TABLE 3.2 — HPGe energy calibration parameters with respect to its position.

To obtain the detection efficiency curve at both positions, all v lines were treated as
follows to retrieve the measured statistics. Each bin of the peak in the region u + 30
is modified by removing the background from the total statistic. The background value
for each bin is given thanks to the fit procedure described above. The bin error is also
modified to take into account the error related to the background evaluation. We obtain
the contribution of each ~ line by adding all modified bin contents in the same p + 30
region. Finally, the detection efficiency value is computed by comparing the measured
statistics with the estimated number of v emitted during the acquisition with the following
equation :

N’y,det = At Ly Etots (36)

where N, 4¢; is the number of v measured, A is the 152Fu source activity, L, is the corre-
sponding v intensity and e, its corresponding detection efficiency value. The detection
efficiency curves assessed at both positions are shown in Figure 3.5.
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FI1GURE 3.5 — Total detection efficiency with respect to the gamma energy at both posi-
tions.

Intrinsic detection efficiency

The flange at the end of the line was replaced before carrying out the radioactive source
runs, changing the distance to the HPGe by 2 millimeters. To account for this different
geometry, we computed the intrinsic detection efficiency values as defined in Knoll [100] :

Etot = Eint€Q, (37)

where ¢;,,; is the intrinsic detection efficiency and g corresponds to the geometrical effi-
ciency defined as the fraction of solid angle encompassed by the detector e = %, where
) is the solid angle covered by the germanium crystal. In our case, the solid angle covered
by a cylindrical detector is given by :

d
JE

where 2« is the apex angle, d is the distance between the source and the center of the
germanium crystal and r is the radius of the germanium crystal. Using these equations,
we obtain two sets of intrinsic detection efficiency values shown on the left in Figure 3.6,
which can be compared to verify the model. All intrinsic detection efficiency values at
the same energy match nicely considering the error bars. To obtain the final detection
efficiency values at 21.9 and 43.9 cm, we first average the two sets of intrinsic efficiency

Q=2m(1—cosa) =27(1 —

) (3.8)

values and their uncertainties. Then, since we need the efficiency at 477.6 and 980.8 keV
(which are the only gamma rays emitted in the decay of ®He), we fit the data between the
two y-rays at 411.12 and 1408.01 keV with a second order polynomial. Finally, using the fit
parameters, we calculate the intrinsic efficiency at 477.6 and 980.8 keV and the geometrical
efficiency at 21.9 and 43.9 cm using Equation 3.8. The final values for both energies and
distances are summarized in the following table. The mean relative uncertainty calculated
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FIGURE 3.6 — (a) Intrinsic detection efficiency with respect to the gamma energy at both
positions. (b) Average intrinsic efficiency with a second order polynomial fit between 400
keV and 1400 keV.

at 4.7% is attributed to all the final values.

Position (cm) 21.9 43.9
ATT6keV  (9.63 +0.46) x 1074 (2,42 +0.12) x 10~
980.8 keV (7.26 £ 0.34) x 107*  (1.83 £0.09) x 10~*

TABLE 3.3 — Final detection efficiency values for both gamma present in the *He decay
at both positions of the HPGe.

3.3.2 Comparison with classic threshold
Energy spectrum, efficiency and resolution

The detection efficiency curve that we obtain from the »?Eu source runs does not cor-
respond to what was expected with this detector. The detection efficiency completely
decreases for energies below 400 keV instead of going up. To investigate this effect, new
runs were performed with the same HPGe plugged into a FASTER DAQ with two differ-
ent signal acquisition thresholds running at the same time. The first is the same as the
one presented earlier in this paper, and the second is a classic threshold. The runs were
carried out with a 2 Eu source or with a sample of thorium placed in front of the HPGe
at a distance of around 20 centimeters. The detection rates in these runs were around
200 Hz for the classic threshold and around 60 Hz for the CFD. First, we can compare
the calibrated energy spectrum obtained for the different signal treatment methods with
the 1°?Eu radioactive source, as shown in Figure 3.7. The base count level is a little bit
smaller for energies higher than 400 keV in the CFD mode but the number of counts rad-
ically drops for energies below 400 keV. The detection efficiency for each mode evaluated
with the %2Eu source is shown on the left-hand side of Figure 3.8. The efficiency ratio
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FIGURE 3.7 — Energy spectrum between 0 and 1400 keV obtained with a ?Eu source
with a classic threshold (blue line) and with the CFD (red line).

between the two modes is shown on the right-hand side of the same figure with both the
152Fu source and the Thorite sample. These figures show that the way the CFD was set
up strongly cut the detection efficiency of our acquisition system, especially in the 0-400
keV range.

The resolution of the HPGe measured with both radioactive samples in both acquisi-
tion modes is shown in Figure 3.9. The resolution values are not affected overall, except
for energies lower than 400 keV, where the detection rate drops, but the smaller number
of events could be the reason for the observed difference.
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FIGURE 3.8 — (a) Total detection efficiency plot measured with the ?Eu source with
both data treatment methods. (b) The ratio of detection efficiency assessed with the
CFD mode over the classic threshold with both the Europium and Thorite sources.
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FIGURE 3.9 — Resolution of the HPGe with respect to the energy assessed with the

Europium and the Thorium samples in both acquisition modes and a detection rate at
~200 Hz.

Distortion effect

In addition to the difference in observed statistics and in detection efficiencies, we also
observed a peak distortion effect in the CFD mode compared to the classic threshold. We
used a '¥"Cs source emitting a single 661.6 keV gamma-ray to investigate this phenomenon.
The HPGe position was adjusted so that the detection rate remained the same between
the two modes to ensure comparability. In Figure 3.10, we show the gamma line obtained
with a 200 Hz detection rate in both acquisition modes. As can be seen, the line acquired
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FIGURE 3.10 — Detection of the 661.6 keV gamma-ray obtained with a *"Cs source with
a class threshold (blue line) and with the CFD (red line). The detection rate in both
acquisitions was around 200 Hz. The CFD acquisition shows a small distortion effect.
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with the CFD shows a small distorted area. This effect alters less than 0.1% of the events
here. We also observed that this effect increase with the detection rate, though it still
concerns only a fraction of the recorded events. Although the CFD mode was shown to
alter the detection of gamma with the HPGe in a mostly negative way, it had little to no
significant repercussion in the following “*He analysis.

3.4 Other diagnostics

3.4.1 Plastic scintillator

On top of the HPGe was placed a small solid angle plastic scintillator coupled with a
Hamamatsu photomultiplier tube as shown in Figure 3.11 and dedicated to the detection
of B particles. It is a rectangular scintillator with dimensions 0.5 x 0.5 x 1.5 cm that
was covered with aluminized tape. The signal was sent to the FASTER DAQ through a
QDC-TDC module connected to a Caras board. The QDC module is an ADC specifically
designed for charge integration and is able to process signals every 2ns (500MHz). Cal-
ibration runs were performed with radioactive sources of °Cl and ?°Sr. Unfortunately,
these runs were performed at the end of the experiment with different settings for signal
treatment within FASTER from radioactive ion beam runs. The trigger threshold width
in the last He runs was moved from an initial 2 ns value used throughout the experiment
to 4 ns. This different setting considerably changed the background level. Moreover, the
background level has been shown to depend on the position of the plastic scintillator with
a much higher rate at the farthest position. Therefore, the data analysis of the calibration
and background runs performed mainly at the end of the experiment was not conclusive.
As we relied on the scintillator to evaluate the intensity of the °He beam, its detection
efficiency was therefore evaluated using the ®He data and will be discussed later in the
manuscript.

i =
g

F1GURE 3.11 — The small solid angle plastic scintillator used during the experiment. It
was placed on top of the HPGe aluminum cap and held in place using tape.

3.4.2 Transformateur d’intensité

The "Transformateur d’intensité” (Ti), is a charge collecting device that was used to
measure the primary *C beam intensity onto the *C target in pA. The beam intensity
was first measured directly in pA every 14 minutes with a different DAQ with a precision
of 50 nA. The signal from the Ti was also sent into our own FASTER acquisition in
which the intensity was encoded thanks to a rate meter. The calibration curve shown in
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Figure 3.12 is obtained by matching the periodic measurement in pA from the external
acquisition to the engagement rate in Hz from the FASTER DAQ.

15| A Ti Databoints
| |— Linear fit
— |
< 10
= [
o/

50 100 150 200 250 300 350
Ti (counts.sec™?)

FIGURE 3.12 — Calibration curve obtained for the Ti. The first data point comes from a
background in which the cyclotrons were not running.

3.4.3 Silicon detector

A silicon detector was placed directly inside the LIRAT line, a few meters ahead of the
experimental setup with TETRA. It was used as an online tool to give a rough assessment
of the intensity of the ¥ He beam. The focal point of the beam could easily be changed
by using the different optical elements along the line to switch between the catcher at the
end of the line and another thin aluminum foil placed right in front of the silicon detector.

We will see later that the average beam intensity values were around 10° and 10%
particles per second for the ®He and °He beams, respectively. Mechanical and electrostatic
reductors with known reduction factors were used to scale down the beam intensity to
ensure good measurement with the silicon detector and ensure that it would not break
down. Assuming a rough detection efficiency of ~50%, the beam intensity could therefore
be assessed simply from the detection rate scaled by these reduction factors.

The data collected with the silicon detector were registered by a VXI DAQ external
to the main FASTER acquisition, as it was not part of the experimental setup dedicated
to the dark decay investigation. A pulser was also used to send a signal in the VXI DAQ
to evaluate the number of missed events due to deadtime effects. The runs performed
with the silicon detector were short and were a simple tool to quickly tune and adjust
the beamline elements to improve the transport of the beam and its intensity online. The
data measured with the silicon detector were used mainly to further check the consistency
of the experimental setup through ®He beam runs.
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“He analysis

The first data analysis was performed with the He data to benchmark the experimental
setup by comparing the implantation rate assessed with TETRA, the HPGe and the silicon
detector in the LIRAT line. It also allowed us to compare the radioactive beam intensity
with the primary beam intensity on target. The detection efficiency value for the plastic
scintillator was also estimated with the ®He data. Finally, we present a new measurement
for the ®He half-life with an improvement in precision compared to the existing values in
the literature.
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4.1 ®He decay scheme

The ®He nucleus is generally described as a *He core surrounded by four valence neutrons
forming a neutron skin. The half-life of ®He is 119.1 + 1.2 ms and its decay scheme
from its ground state is shown in Figure 4.1. The main decay branch is a 3 decay with
a branching ratio of 84(1)% [108] leading to the first excited state of ®Li at 980.8 keV
followed by the emission of a v-ray and by the 8 decay of the ®Li daughter nucleus. The
second decay branch is a [ delayed neutron emission branch with a branching ratio of
16(1)% [108]. This decay actually feeds different energy levels of ®Li above its neutron
emission threshold (S,, = 2.032 MeV). The levels that lead to neutron emission are the
3.21 and 5.4 MeV levels [108], but to date no measurement has given their respective
contribution. This neutron emission produces 'Li either in its ground state or in its first
excited state at 477.6 keV. It was measured that (32 + 3)% of the 8 delayed neutron
emission populates the first excited state of “Li [108]. Finally, a small 3 delayed triton
emission was also observed with a branching ratio of (0.940.1)% in a different experiment
[109]. The only branching ratio that was actually measured in [108] is the total 16% of the
two n branches. The emission probability of 84% for the simple 8 branch was therefore
deduced from the first simply by calculating (1-0.16). As the St branch was measured
later in a separate experiment, we reduced the probability of 84% to 83.1% to preserve
unity in the following analysis. Therefore, each ®He decay is followed by a 5Li decay 83.1%
of the time giving an average number of 1.831 electron emitted for each ®*He decay.

10.651 MeV

g.s. .
8He 9.67 MeV

5.393 MeV

Y
v .

8Li
FIGURE 4.1 — Decay scheme of the ®He nucleus from its ground state.
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4.2 Average “He beam intensity

To first check the consistency of the experimental setup, we computed the average *He
beam intensity implanted in the aluminum catcher with all detectors at our disposal. The
two possible y-rays emitted from the decay of ®He in its ground state were observed with
the HPGe detector. Neutron events from the gn branch were measured with TETRA.
Finally, the number of electrons emitted in the decay of both ®He and ®Li was monitored
with the silicon detector along the LIRAT line and the plastic scintillator on top of the
HPGe.

In the following sections, we explain how the number of events Ny related to *He or
8Li decay is obtained for each detector and for each run. Once Ng is established, the
average *He beam intensity 7o during the run is calculated as :

N, det

T eBrt’ (4.1)

To
where ¢ is the detection efficiency of the detector, Br is the branching ratio of the ob-
served decay branch and t,,, is the duration of the run. When the radioactive beam was
implanted in cycles within the aluminum catcher, we used t,un = Neycles X tox Where Neyeles
is the number of implantation cycles in the run and ¢,y is the duration of the implanta-
tion. For the detection of electrons with the plastic scintillator, the branching ratio value
used during the analysis is 1.831, which takes into account the 3 decay of ®Li. The total
uncertainty on ry values presented hereafter includes the uncertainty on the branching
ratio, the detection efficiency and on the number of detected events.

4.2.1 Analysis method
E, = 980.8 keV

The most dominant y-ray emitted in the ®He decay comes from the simple 3 branch that
feeds the first excited state of 8Li at 980.8 keV above its ground state. Observation of
this y-ray with the HPGe is shown in Figure 4.2. The two smaller lines at 964.72 and
968.98 keV are identified as y-rays emitted from **®* Ac nuclei contained within the concrete
around the setup. These lines were also observed in background runs, with and without
the cyclotrons running.

Some events can be observed very close to the 980.8 keV line. These events were
not observed in any background runs. Furthermore, in runs where the radioactive beam
was implanted as discussed in Section 3.1, these events distinctly follow the implantation
cycle. Therefore, they are clearly related to the detection of the 980.8 keV v-ray. Events
above the peak are identified as pile-up events. The two small "bumps” below the peak
around 975 keV are events with incorrectly measured energy due to the CFD technique
used to trigger the electronic chain of the HPGe coupled with a relatively high detection
rate.

All events above the flat background in the 972 to 990 keV range are considered
to be true 980.8 keV events. Therefore, the data in this area were not fitted with a
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FIGURE 4.2 — 7 spectrum at the vicinity of the 980.8 keV line. The 964.72 and 968.98
keV lines are background rays emitted from ***Ac nuclei present in the concrete of the

experimental room. The small slope above the 980.8 keV line are pile-up events and the
"bumps” under are CFD distorsion effects as shown in Figure 3.10.

10

Counts/ 0.5keV

simple Gaussian distribution over a constant background, as this would overestimate the
background parameter. Instead, the background per bin was first estimated by fitting the
data with a constant in two 18 keV energy windows above and below 980.8 keV, where
no lines can be observed. The two very close values were then averaged to obtain a final
background parameter. This background is then subtracted from each bin in the observed
statistics between 972 and 990 keV to obtain the final contribution of the 980.8 keV v-ray.
Finally, the bin error is modified to u;in = o/ Npin + u%ck, where uyp¢ is the uncertainty on
the background parameter returned by the fit and Ny, = u%in is the original number of
events in the bin.

E, = 477.6 keV

Observation of the 477.6 keV ~-ray with the HPGe is shown in Figure 4.3. The 511 keV
ete™ annihilation line is also shown in this figure as a comparison point. Fits with a
Gaussian distribution were performed on both ~-rays. The standard deviation obtained
for the 477.6 keV line is about 3 times larger than the resolution obtained for the 511 keV
line. This peak broadening for the 477.6 keV ~-ray has already been observed in [108]
studying the *He decay.

This y-ray comes from the deexcitation of a "Li nucleus that is produced by the fn
branches shown in Figure 4.1. Since my; ~ 7m,, the kinetic energy is not completely
taken away by the emitted neutron. Although smaller, a non-negligible fraction is also
transferred to the “Li nucleus as recoil energy. Therefore, the 477.6 keV ~-ray can be
considered as emitted in flight inside the aluminum catcher, and the peak broadening
observed in Figure 4.3 is only the result of a Doppler effect. Similarly to the 980.8 keV
line, the background parameter per bin, modeled with a constant and returned by the
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FIGURE 4.3 — v spectrum at the vicinity of the 477.7 keV line. The 511 keV line comes
from the ete™ annihilation. Fits with a Gaussian distribution performed on both lines
are shown in orange for the 477.6 keV ~ and in purple for the 511 keV ~.

fit, was used to measure the number of detected 477.6 keV photons between 468 and 478
keV. The bin error was also modified as described above for the 980.8 keV line.

Neutron detection analysis

The energy spectra obtained from the ®He runs, displayed in Figure 4.4, looks very similar
to those obtained with a ?*Cf neutron source. The only main difference is in the low-
energy peak, which contains more events in the ®He data because of a higher exposure to
bremsstrahlung and ~ radiations than with the neutron source. For each run, the total
number of events within 150 < Ej., < 820 keV is taken into account, and the background
is subtracted from the total number of events in that range. Removing the background
had very little effect on the final statistics, since its contribution was usually about 10*
times smaller than the total number of recorded events in that Eg, range.

Silicon detector analysis

In the context of this analysis, the silicon detector measured the energy deposition of
electrons emitted by ®He and ®Li nuclei. Data were analyzed using Geant4 simulations
that reproduced the geometry of both the detector and its environment within the LIRAT
beam line. It also reproduces the spatial distribution of the beam inside the aluminum
foil. In the following, the simulation will be compared with data from two runs where
the beam intensity reduction factors from the mechanical and electrostatic reductors were
applied.

First, the detector was calibrated in energy by matching the positions of two different
notable points observed in both the experimental data and the simulated data : the end
point and the ~ 1.5 MeV energy peak where most of the observed events are located.
Then, each bin content in the histogram obtained with the simulation is scaled by a
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FIGURE 4.4 — Calibrated energy spectrum of TETRA obtained with one ®He run. The
relative contribution of the peak with Eg., < 100 keV is higher here than in Figure 3.3.
This is because of the higher level of bremsstrahlung radiation during the *He than with
the 2*2Cf neutron source used for the calibration.
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FIGURE 4.5 — (a) Measured (green line) and simulated (blue line) energy spectrum with
the silicon detector for one *He run. Each bin content in the simulated histogram are
scaled down by a factor allowing to match the amplitude of the main peak around 1.5
MeV. (b) The difference in each bin between the measured and the simulated histogram
after the scaling.
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factor ¢s to match the amplitude of the ~ 1.5 MeV peak from the measured energy
spectrum, as shown in Figure 4.5 (a). This scaling is performed only on a selection tg
with sufficient statistics where the detection rate is stable to perform deadtime corrections
while maintaining comparability between the simulated and observed energy spectrum.
Finally, the average *He beam intensity is calculated as follows :

ro = aRaDT—CSNS’im, (4.2)

Lsel

where ay is the reduction factor and apy is the deadtime correction factor. Finally, Ng,
is the initial number of °He nuclei used in the simulation. The difference between the
simulated and the measured energy spectrum is then used to quantify the uncertainty.

4.2.2 Results of the calculations

All values for the average ®He beam intensity 7 obtained from the 980.8 keV line with the
HPGe and neutron detection with TETRA are displayed in Table 4.1. Two values obtained
separately with the silicon detector are also shown in that table. The values computed
with neutron and ~ monitoring agree well with each other. The relative discrepancies
are mostly around 10%, which largely corresponds to the overall uncertainty level of the
branching ratios and the detection efficiencies used for the calculations. Therefore, we can
conclude that our results agree well with the branching ratios for the g and Sn branches
from [108].

Conversely, we observe a large discrepancy between the beam intensities obtained from
the two ~-ray lines. For each run, the intensity values obtained from the 477.6 keV line
were on average ~ 1.51 times higher than those obtained from the 980.8 keV line. The
ratios ro(477.6keV)/ro(980.8keV) for each run are shown in Figure 4.6. Changing the
model from a constant to a first-order polynomial for the background parameter in the
477.6 keV line analysis had little to no impact on the final result. Furthermore, different
models were used to evaluate the detection efficiency at both HPGe positions, with relative
variations around < 3% and therefore not enough to explain this large difference. The last
component that can play a role here is the Br(477.6keV) = 5.1(6)% branching ratio used
to feed the first excited state of “Li. In fact, since the 7y values computed with the 980.8
keV line match relatively well with the ry values from neutron detection, if a systematic
effect was not taken into account in the HPGe analysis, it should alter the ry values from
both the 477.6 keV line and the 980.8 keV line. Therefore, explaining this difference only
through the branching ratio would require a new value of Br(477.6keV) = 7.7(9)%.

4.2.3 SHe beam intensity versus primary beam intensity

To compare the ry values obtained with the silicon detector with those computed with
TETRA and the HPGe, we plot them with respect to the primary *C beam intensity
on the *C target measured with the Ti. For every run, we calculated the mean primary
beam intensity over the entire run duration. The result is shown in Figure 4.7. In a few
runs, we observed some failures of the complementary heating system of the target-ion
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HPGe position Run index

ro x 1073 (*He.s™1)

Implantation cycle

HPGe TETRA Silicon
21.9 cm 1 152+ 8 190 £ 24 Continuous
2 193+ 9 216 + 27 tox = 0.3s + topr = 5s
3 185+ 9 207 + 26 toxn = 0.3s + topr = Ds
43.9 cm 4 470 + 24 550 + 68 Continuous
) 468 + 24 545 + 67 Continuous
6 479 + 24  electronic shift toxn = 38 + topr = 7S
7 403 + 21 electronic shift ton = 38 + topr = 7s
8 371 £19 399 + 46 tox = 38 + topr = 75
9 385 + 20 414 £ 48 tox = 38 + topr = 75
10 404 £ 21 438 £+ 54 tox = 38 + topr = T8
11 402 £ 21 435 £ 54 tox = 38 + topr = 75
Sil 239 + 14 Continuous
Si2 445 + 61 Continuous

TABLE 4.1 — Average ®He beam intensity r, from neutron detection with TETRA, ob-
servation of the £, = 980.8 keV line with the HPGe and electron monitoring with the

silicon detector in the LIRAT line.

18
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Ratio
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10

FIGURE 4.6 — Ratios of average ®He beam intensities ry computed from the two different
7 lines emitted in the ®He scheme. The dashed line in red is a fit performed with a

constant. The value returned by the fit is 1.51 + 0.05.
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FIGURE 4.7 — Average *He beam intensity with respect to the primary *C beam intensity
on target measured with the Ti. The red and blue lines are linear fits performed merely
to guide the eye more than to show a particular trend.

source. Although the primary beam was still hitting the target as monitored by the Ti,
we saw a complete drop in the detection rate with all detectors, slowly increasing back
to normal as the temperature of the source went back up. These periods were excluded
from the analysis and the ry values presented in Table 4.1 have already been adjusted
accordingly. In conclusion, the two ry values measured using the silicon detector nicely
match the trend observed for the values obtained using TETRA and the HPGe, improving
the confidence we have in their calculations.

4.3 Detection efficiency of the plastic scintillator

4.3.1 Data analysis of the plastic scintillator

In the following analysis, only the runs in which the ®He beam was implanted periodically
were used. The runs where the plastic scintillator was closest to the aluminum catcher
are labeled 2 and 3 in Table 4.1. The runs labeled 6 to 11 were performed with the plastic
scintillator in the farthest position, but only runs 6, 7 and 8 were performed with the
trigger threshold width at 2 ns, as runs 2 and 3. Runs 9, 10 and 11 were carried out with
a trigger width of 4 ns. The distributions of the detected events with respect to their time
t., in each implantation cycle, are shown in Figure 4.8 where each panel corresponds to
a particular position and trigger width of the plastic scintillator. In addition, each panel
represents the aggregation of all runs performed within the same configuration, but the
following analysis was performed on each individual run. In Figure 4.8 (a) and (c) the
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FIGURE 4.8 — Sum of all . histograms acquired with the plastic scintillator with respect
to its position and trigger threshold width. (a) was obtained with runs 2 and 3 when
the plastic was in the closest position from the catcher with a 2 ns trigger width. (b)
was obtained with runs 6, 7 and 8 when the plastic was in the farthest position from the
catcher with a 2 ns trigger width. Finally, (¢) was obtained with runs 9, 10 and 11 when
the plastic was also at the farthest position but with a trigger width of 4 ns. The solid
red lines in (a) and (c) are fits performed using Equation 4.3

data between t,y and toy + topr were fitted using the following model :

N(tc) — Z Nie—)\i(tc—tok‘) + b, (43)

i=%He,8Li

where ); is the radioactive constant and V; is the amplitude at t. = toy of the i-th nucleus,
and b represents the background parameter per bin. All fits were performed using the
log likelihood method provided by ROOT without constraining any of the parameters
in the model. All fits returned ®He and ®Li lifetimes that were consistent with what
can be found in the literature. For unclear reasons, the fits for runs 6, 7 and 8 did
not converge even when the parameters were constrained. Consequently, the background
parameter was estimated by fitting the data within 8 s < f. < 10s with a simple constant.
In addition, panels (a) and (b) show data acquired over approximately the same period
of time, highlighting the behavior of the background level as a function of the plastic
position. Although uncertain, this effect could be due to a possible cable issue leading
to a higher level of pedestal effects. This is also emphasized by the difference between
panels (b) and (c), where the change in the trigger threshold width drastically reduced
the background level.

Once the background parameter is estimated, we can use it to calculate the contri-
bution of the ®He and ®Li nuclei in each run. Finally, the detection efficiency of the
plastic scintillator was calculated using Equation 4.1 for all runs. We used the average
®He beam intensities assessed from the 980.8 keV line and compared them with the statis-
tics corresponding to the detection of electrons with the plastic scintillator. All detection
efficiency values are listed in Table 4.2. We calculate the mean detection efficiency ¢ for
each group of runs performed under the same configuration. From this we obtain two
efficiency values that correspond to the two different positions of the plastic scintillator
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Plastic position Trigger width (ns) Run index (g5 x 10*) (55 x 10%)

Closest 2 2 10305 10.3+0.5
3 10.3 £ 0.5
6 2.11£0.11

Farthest 2 7 207+0.11 2.05+0.11
8 1.97+0.10
9 1.01 +£0.05

Farthest 4 10 1.10+0.05 1.07 +0.05
11 1.09 £+ 0.05

TABLE 4.2 — Detection efficiency values of the plastic scintillator for each run with respect
to its position and its trigger threshold width. The last column is an average efficiency
value for a specific configuration.

with a trigger width threshold of 2 ns, which are the configurations of the plastic scintil-
lator during the ®He runs. The first value in the closest position (HPGe at ~23 cm) is
e = (1.03 £ 0.05) x 107? and the second in the farthest position (HPGe at ~43 cm) is
&?g = (2.05£0.11) x 10~%. Finally, the analysis of runs 9 through 11 shows that both the
background level and the detection efficiency are completely different with a 4 ns trigger
width. This explains why the analysis of the radioactive § source runs performed at the
very end of the experiment was not conclusive.

4.3.2 G4beamline simulations

The efficiency values obtained from the analysis above were obtained for [ decay with
predominant ()g values of ~ 10 MeV for the 8He decay and ~ 13 MeV for the ®Li decay. In
contrast, the ®He nucleus has a smaller value of Qs = 3.5 MeV. We performed G4beamline
simulations [110] to investigate how this difference in (g values can affect the detection
efficiencies of the plastic scintillator. G4beamline is an open source Geant4-based simula-
tion program designed to be more accessible and user-friendly than Geant4. It is mainly
used to simulate the transport and interaction of particles in beamlines, but it can also
be used for different purposes, as it includes all Geant4 physics lists.

Geometry of the simulation

The purpose of this simulation was to assess a correction factor for the plastic scintillator
due to the difference in ()3 values between the involved nuclei. For this purpose, the
geometries of TETRA and of the HPGe have been simplified to reproduce the immediate
environment of the S-particles. In this simulation, TETRA simply consists of a polyethy-
lene cylinder with an inner radius of 66 mm and an outer radius of 480 mm. In this
simulation, no *He counters were included. The beamline and the catcher at the end were
reproduced according to the official plans of the experiment. The center of the aluminum
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TETRA : Polyethylene structure

Plastic scintillator

Beamline

FIGURE 4.9 — Geometry of the experimental setup with the HPGe and plastic scintillator
at the closest position from the catcher used in the G4beamline simulations.

catcher at the end of the line was placed at the point of origin with coordinates (0,0, 0)
in the Cartesian coordinate system. In the simulation, HPGe consists of a germanium
crystal in the form of a cylinder with no inner radius and an outer radius value of 36.5
mm. The crystal was encapsulated in an aluminum cap that was also modeled with a
cylinder of inner radius 37.8 mm and outer radius 38.1 mm. The thin 0.6 mm carbon
window in front of the crystal was also included. The plastic scintillator is placed on top
of the HPGe and consists of a vinyltoluene plastic box with a 5 x 5 mm? surface in the
xy plane and 15 mm length along the z axis. This plastic box was encapsulated in an
aluminized tape modeled with an aluminum box. The photomultiplier tube of the plastic
scintillator was modeled by a copper box with a surface 15 x 15 mm? in the zy plane
and a length 60 mm along the z axis. The relative position of the plastic scintillator with
respect to the HPGe does not change when the HPGe is in the closest or farthest position
from the catcher. The final geometry with the HPGe at ~ 22 cm from the catcher is
shown in Figure 4.9.

Rejection method to reproduce the **He and ®Li decays

The decay of radioactive isotopes is not implemented in G4beamline. To simulate the
production of 3 particles, one has to produce its own input file that the software can
call on. Each line of this file corresponds to the nature of the simulated particle (an
electron, a proton, etc.), the initial position (using z, y and z coordinates) and the initial
momentum (using p,, p, and p, coordinates). In Monte Carlo simulations, the rejection
method allows the generation of events with specific characteristics that fit to a known
probability distribution function. In our case, we need to simulate the initial properties
of an electron emitted in the 8 decay of one of the nuclei involved. More specifically, we
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used the rejection method to produce an initial distribution of electrons with respect to
their momentum.

The probability density function (pdf) with respect to the momentum of the electron
w(pe) produced in a B decay can be written as :

wlp) = 72 (@5 — (Vo + 2 =) (14)

where p. is the electron momentum, m,. the electron mass and (g is the total energy
available in the corresponding decay branch. This function reproduces the bell-shaped
electron momentum distribution. In our case, it is not required that the pdf is normalized.
To randomly generate a p. distribution, one first evaluates the maximum momentum value

Pemaxz = \/(Qﬁ + m6)2 - mz, (45)

as well as the maximum value of the pdf w,,., which can be readily obtained by visu-
alizing the pdf. Next, using the TRandom3 random generator class available in ROOT,
random P rand and wyqng values are generated in the intervals [0, pe maz ] and [0, Winaz +0,],
respectively, where ¢, is a small positive number to ensure that there are no edge effects
altering the production of our distribution. The amplitude of d, only affects the time
it takes to produce the desired number of events in the distribution. Finally, w(pe rand)
is compared t0 Wrandg. If Wranda < W(Perand), the event is saved as it falls under the pdf;
otherwise it is rejected.

Initial position and direction

Once a p. value is saved we can randomly generate angles 6 and ¢ corresponding to the
polar and azimuthal angle respectively in the spherical coordinate system. We consider
all the involved [ decay branch as isotropic. The following equations are therefore used
to formulate their distribution :

0 = arccos(2Ry — 1), (4.6)
¢ = 27TR¢,

where Ry and R, are randomly generated numbers between 0 and 1. Projection of the
initial electron momentum value over the x, y and z axes are computed as follows :

Pex = Pe sin(6)cos(o),
Pey = Pe Siﬂ(@) Sin(¢)7 :
Pez = Pe c0s(0). (4.10)

Finally, the initial position of the electron inside the aluminum catcher along the z,
y and z axes can be generated as well. In our simulation, the plane formed by the x
and y axes corresponds to the plane formed by the catcher. In this plane, the density of
particles within the catcher is modeled as a 2D Gaussian centered in the middle of the
beam catcher with o, = 0, = 3.82 mm, which is consistent with measurements made with
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Parent nucleus Decay branch Qs (MeV) Probability

5 9.68 0.831
*He Bn 6.36 0.16
Bt 0.99 0.009
14 5 12.98 1
‘He 5 3.51 1

TABLE 4.3 — All Q3 values used to produce the initial p. distributions for each decay
branch with their associated emission probability.

beam profilers in the LIRAT line. To simplify the implantation of °He or ®He inside the
catcher, we consider the probability that the initial position with respect to the z axis of
the decay is the same over the entire width (150pum) of the catcher.

Numerical values for each decay branch

To date, no experiment has measured the separate branching ratio for each Sn branch.
A recently published paper shows how it implemented the decay of ®He in Geant4 using
the same emission probability at 8% for each branch. The real decay scheme of ®He
is expected to be more complicated than what is actually available in the literature. A
better determination of all involved levels and their associated branching ratio is currently
under examination at the ISOLDE decay station, since this nucleus (along with *Li) plays an
important role in reactor antineutrino experiments. To simplify the picture and since these
particular branches represent < 9% of all events in the simulation, they were aggregated
into one intermediate state at around 4.3 MeV above the ®Li ground state with a branching
ratio of 16%. The other ()4 and branching ratio values involved in the *He decay remain
as discussed in Section 4.1. The § decay of the ®Li daughter nucleus is taken to feed the
3.03 MeV level of the unbound ®Be nucleus 100% of the time. Finally, the ®°He decay is
as described in Section 2.3.3 but the fd channel is not reproduced in the following work
as its branching ratio is very small. All the values involved in the following G4beamline
simulations are summarized in Table 4.3.

Result of the simulations

A total of four G4beamline simulations were performed. Each simulation corresponds
to a specific isotope (*He or *He + ®Li) at a certain position of the plastic scintillator.
Two files corresponding to 10% decays of ®He and ®He were produced using the rejection
method described above. In the ®He file, a total of 0.831 x 10® events are also generated to
reproduce the decay of ®Li. The course of the electron is processed by the software until
it has lost all of its kinetic energy, and the simulation continues with the next electron in
the input file. For each electron, we register the total energy the particle loses inside the
plastic scintillator. The energy spectra obtained for each simulation are shown in Figure
4.10.
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FIGURE 4.10 — Results of the G4beamline simulations. (a) and (b) show the energy
spectra obtained with the plastic scintillator in the closest and farthest position from the
catcher, respectively, for each isotopes.

Position  a.(Fgep = 10 keV) . (Euep = 1 keV)  (Eplastic X 10%)
Closest 0.85 + 0.01 0.84 +0.01 8.67 +0.44
Farthest 0.77 + 0.02 0.76 + 0.02 1.57 +0.09

TABLE 4.4 — Correction factors with respect to the position and threshold of the plastic
scintillator. The last column gives the corrected efficiency values obtained with o (Ege, =

10 keV).

From these spectra, we can evaluate a correction factor that can be applied to the
detection efficiencies obtained in Section 4.3 to achieve efficiency values that are more
appropriate for the °He analysis. To do this, we simply need to compare the number of
events recorded by the plastic scintillator at the same position between the two different
parent nuclei. Therefore, the correction factor a,. can be written as :

6

a, = —N(é\gjegh) x 1.831. (4.11)
We roughly estimate the energy threshold of the plastic scintillator to be around 10 keV.
Therefore, the correction factor at both positions will be computed considering only events
with Ege, = 10 keV. The results are compiled in Table 4.4. In addition, the correction
factors for events with Eg., = 1 keV are also computed, showing that they have little
to no dependence with respect to the threshold. Finally, these simulations allow us to
compute the final detection efficiency values for the plastic scintillator that will be used
in the following *He analysis : €§ = (8.67 + 0.44) x 10~* and &§ = (1.56 + 0.09) x 10~*.
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FIGURE 4.11 — Deposited energy (keV) of an event in TETRA with respect to its time
t. within an implantation cycle. This figure shows all data obtained with the 4 runs

4.4 ®He half-life measurement

The ®He nucleus is an unstable nucleus with a half-life value of 119.1 + 1.2 ms [111].
We aim to improve this value using data from the neutron detector TETRA and runs in
which the radioactive beam was implanted periodically. A total of 6 runs are used for
the analysis. Two at the beginning of the experiment with an implantation cycle of 5.3
seconds (tox = 0.3 second of beam implantation and topr = 5 seconds of decay time) with
an average “He beam intensity of around 2.0 x 10° pps. Four at the end of the campaign
with an implantation cycle of 10 seconds (ftox = 3 seconds of beam implantation and
torr = 7 seconds of decay time) with an average 8He beam intensity of around 4.0 x 10°
pps. For each run, the data was stacked in one histogram giving the number of detected
events with respect to their time ¢, in the implantation cycle. Events recorded in TETRA
can arise from different sources : i) neutron detection from the *He decay or the ambient
background, ii) bremsstrahlung detection due to 3 particles emitted from the *He and ®Li
decay. The purity of the ®He beam ensures that no other neutron-emitting nuclei were
implanted in the catcher during the experiment. The measured deposited energy in the
*He gas can be used to discriminate the origin of the event between i) and ii). Spurious
events from microdischarges, spallations, or any other unknown origin can also be recorded
with TETRA but do not have specific deposited energy or temporal signatures.

4.4.1 First analysis
Event selection

Figure 4.11 is a 2D histogram showing the energy of an event with respect to its time .
in 10 second cycles. From this histogram, we can make a selection of events according
to their deposited energy inside TETRA. The impact of this selection is shown in Figure
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FIGURE 4.12 — Distribution of events with respect to their time ¢, within an implantation
cycle for 10 s cycles. (a) shows all events with 0 < Ege, < 850 keV while (b) and (c) show
the events within 150 < Eg., < 850 keV. Each solid red lines correspond to a fit with a
model defined in Section 4.4.1.

4.12; in which panel (a) shows all events recorded with TETRA, including bremsstrahlung,
while panels (b) and (c) show events corresponding to neutron detection only. This simple
selection almost entirely eliminates the contribution of bremsstrahlung events, resulting
in a t. distribution that largely follows the lifetime of ®He only. Moreover, this selection is
large enough to ensure that all events corresponding to neutron detection are taken into
account in the following analysis.

Fit models

Each t. distribution in Figure 4.12 can be fitted with a model to obtain half-life values.
As with the plastic scintillator, the histogram that includes the bremsstrahlung events in
Figure 4.12 (a) is fitted between t. = toy and t. = toy + topr With the model described by
Equation 4.3. For panel (b), the histogram is fitted within the same time range, and the
model we used is a simple exponential decay model with a constant background parameter.
Although event selection is the same between (b) and (c), the latter histogram is fitted
with a model that covers the entire length of an implantation cycle. The equations that
describe the full behavior are :

Ni(te) = ¢(1 —e™/7) 4+ b, (4.12)

No(ty) = (et —1)e™/™ + b, (4.13)

where N;(t.) and Ny(t.) correspond to the fit before and after ¢. = ¢,y respectively. The
derivation of these equations and the interpretation of the parameter ¢ are given in the
next chapter in Section 5.1.

All fits are performed with the log likelihood method provided by ROOT. The results
of each fit performed for ¢. < t,y are summarized in Table 4.5. The uncertainties are
statistical uncertainties only returned by each fit. The half-lives obtained for both A = 8
isobars agree well with what can be found in the literature.
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Implantation cycle Event selection t1/2(*He) (ms)  t12(°Li) (ms)
0 < Eyep < 850 keV 119.73 £ 0.13 855.28 £+ 13.72
tON - 0.3 S and tOFF - 5 S
150 < Egep < 850 keV  119.49 £+ 0.06 /
0 < Egep < 850 keV 119.84 £ 0.07  840.79 + 1.53
toxn=3sand topp =78
150 < Egep < 850 keV  119.61 + 0.04 s

TABLE 4.5 — ®He and ®Li half-life values obtained from the fits with respect to the
implantation cycle and the event selection.
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FIGURE 4.13 — Fit results with respect to the binning of the histogram. Panel (a) shows
values obtained by fitting the whole cycle with Equations 4.12 and 4.13. Panel (b) shows
values obtained by fitting the data for t. > t,y with an exponential decay model and a
constant background parameter.

Binning effect

Using events within 150 < FEg, < 850 keV, we can compare the ®He half-life values
obtained by fitting the whole cycle or only the decaying part with respect to the bin
width of the histogram. The results of each fit for widths between 0.5 and 100 ms are
shown in Figure 4.13. If the results for fits on the data with ¢{. > t,y are very stable
with respect to the binning, the same cannot be said for fits on the whole cycle, as strong
variations on the returned values ¢/, can be observed in Figure 4.13 (a), as well as a
strong disagreement with the values obtained in Figure 4.13 (b). This binning effect can
be explained by local instabilities in the radioactive beam intensity (and, therefore, the
detection rate) that are not taken into account by the model. Indeed, such non-statistical
fluctuations can affect the determination of ¢/,. Furthermore, since #; /Q(SHe ~ 120 ms,
it takes < 1 s to reach the detection rate at equilibrium. A sufficiently large bin width
coupled with these local beam instabilities can lead to the observed binning dependence.
Finally, these beam fluctuations do not matter in the region t. > t,y as only the implanted
population at t. = toy will contribute to the detection rate. Therefore, only the data with
t. = toy will be used in the following work.
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4.4.2 Deadtime corrections

It takes 20us of non-paralyzable dead time for the DAQ system to process and record a
signal from one *He counter. Although the instantaneous rate per counter was not very
high even for counters located in the first layer of TETRA, this deadtime can play a role
in the observed ~ 1/1000 discrepancy shown in Figure 4.13 (b). In the following, the
impact of this dead time on the returned ®He values is investigated.

Evaluation of the real detection rate

To study these effects, we first need to evaluate the instantaneous detection rate for each
counter at all times t, > toy. Cycles without enough statistics (owing to a drop in beam
intensity) were discarded in the following analysis. Without any deadtime, the detection
rate in the decay part of each counter can be written as :

Ri,j(tc) — R[g}j)e*(tc*toN)/THe + Rg?j)ef(teftox)/mi + Bi,j; (414)
where RE}} and RE’QJ-) are the initial rates at t. = toy for each nuclei with subscripts ¢ and j
referring to the counter and the cycle respectively. The parameter B, ; is a constant that

describes the background detection rate. The model representing the observed detection
rate r; ;(t.) for each individual counter ¢ and cycle j taking into account the deadtime is :

Ri;(te)

= e 4.15
1+ AR;;(t.)’ (4.15)

rij(te)
where A is the deadtime.

The statistics per counter and per cycle were not high enough to properly fit the
data directly with the latter model. To overcome this, we approximated TETRA as one
detector with a single event line and a nonparalyzable deadtime of 21 us imposed offline, as
shown in Figure 4.14. The data is then stacked in one histogram for each cycle and fitted
using Equation 4.15. Half-lives of 119.1 ms and 839.9 ms were used as nominal values
for ®He and ®Li respectively. This allowed us to estimate the real detection rate R;(t.) of
TETRA approximated to a single detector for each cycle j and for each component ng)
(k = 1,2) and B; in the model. The evaluation of the individual contribution of each
counter to the global detection rate R;(t.) is the only step left to determine each R; ;(t.)
value.

Individual counter contribution and correction

To obtain the contribution of each counter to the total detection rate per cycle R;(t.),
we first produce a t. histogram containing the data of all selected cycles within a run
for all individual counters. Then, all these histograms are summed to produce a single
t. distribution for TETRA. No additional deadtime is imposed offline here. Finally, the
data on each individual counter histogram is fitted with the following model :

Ni(t.) = NWeltemton)/me | N3 o= (teton)/mi B;, (4.16)
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FIGURE 4.14 — Example showing the event line of three different counters from TETRA
and their sum . Events discarded by imposing an offline deadtime (here labeled A’) are
shown in red on the ¥’ line. This is used in the determination of R;(t.) only.

where N;(t.) is similar to R; ;(t.) in Equation 4.14 except that all cycles within a run are
aggregated into one histogram, therefore giving the total recorded dose by a single counter
instead of the instantaneous detection rate. The same model is used on each combined ¢,
distribution for TETRA giving access to N (t.). Finally, the relative efficiency (individual
contribution) for each component in the model, for each counter and for each run is

computed as :

N® B
W and O./BJ‘ = E,

for both radioactive component (superscript (k)) and the background component respec-

(4.17)

QAN ; =

tively. Such relative efficiency coefficients with respect to the counter index obtained for
one run are shown in Figure 4.15.

To finally achieve an evaluation of the real detection rate R; ;(¢.) for each counter i at
the time ¢, in the cycle j, we simply have to compute :

Ri,j(tc) = OJN(l)ViRJ(l)(tC) + OéN(2)’Z~R§2) (tc) + OJBJ'BJ'. (418)

Finally, we can produce corrected ¢, histograms for each run by applying a weight w; ;(t.)
to each event in the 150 < Ejy., < 850 keV range like :

wij(te) =1+ AR ;(te), (4.19)

where A is a deadtime imposed offline to each individual counter. This procedure has
been applied for several values of A that range from 42 us to 10 ms. An example with
A =1 ms is shown in Figure 4.16.
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FIGURE 4.15 — Relative efficiency for each component in Equation 4.14 per counter for
one run. Panels (a) and (b) give the relative efficiency of each individual counter with
respect to the contributions following the ®*He and 8Li lifetimes, respectively. Panel (c)
gives the relative contribution of each individual counter for the constant background
parameter.
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FIGURE 4.16 — Distribution of events with respect to their time ¢, for all 4 runs with
implantation cycles of 10 s. The blue histogram shows all recorded events that pass
through a deadtime of A = 1 ms applied to each individual counter offline. A weight
w; ; defined in Equation 4.19 is then applied to all of these events resulting in the red
histogram. Finally, the data in the second histogram are fitted to extract a half-life value.

Fit results

The final corrected histograms are fitted for t. > toy with a simple exponential decay
model on top of a constant background in which the half-life ¢, = In2/X is now a free
parameter. Fach fit is performed using the weighted log likelihood method in ROOT on
corrected histograms with a bin width of 10 ms for all values of A. The results of each fit
with respect to the imposed deadtime and for both durations of the implantation cycles are
shown in Figure 4.17. The results in this figure are obtained with fits performed on events
between toy < t. < ton+2.2 s. Not taking the remaining time where background detection
dominates had no influence on the returned ¢, values but considerably improved the
goodness-of-fit indicators.
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FIGURE 4.17 — Result of the fits with respect to the deadtime imposed offline and the
duration of the implantation cycle. Panel (a) shows the half-life values returned by each
fit. Panels (b) and (c) show the p values and x? (reduced chi-square) which serve as
goodness-of-fit indicators.
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For corrections with deadtime A < 1 ms it can be seen that the returned half-lives
have substantially dropped compared to the initial values. For 10 s cycles, the value went
from 119.61 to 119.21 ms. For 5.3 s cycles, the value went from 119.49 to 119.30 ms. The
half-lives then converge around t;,, ~ 119.55 ms as the deadtime increases. This points
to a potential overcorrection of the data for small deadtimes that could increase the slope
of the exponential curve too much and therefore lead to a smaller half-life. This could be
due to the nominal value of 119.1 ms used to evaluate the real detection rate. Indeed, for
small deadtimes, few events are actually discarded, and the correction weight applied to
all remaining events could be too strong. Unfortunately, we did not have enough time to
further investigate this problem.

Apart from this effect, the deadtime correction completely reconciles the half-lives
obtained between the two implantation cycles while converging to values consistent with
those obtained at the beginning of the analysis before the deadtime corrections. Fur-
thermore, the p values and the y? values are on average better for deadtimes A > 1 ms,
indicating a better statistical agreement between the data and the model in that region.

4.4.3 Summary and best *He half-life estimate

The very large number of neutron events recorded with TETRA during the few *He runs
in which the beam was implanted periodically coupled to a low background environment
has shown to be a great opportunity to improve the value of t1/2(8He). Selecting the
events with respect to their deposited energy within TETRA allowed us to obtain t.
distributions that only follow the ®*He lifetime. Data were grouped into two sets according
to the duration of the implantation cycle and then fitted to a simple exponential decay
model on top of a constant background. This simple procedure returned ¢/, values
that, although relatively close, were in medium disagreement considering the statistical
uncertainties as shown in Figure 4.13 (b).

This discrepancy was investigated by studying how the DAQ deadtime of 20 us im-
pacted our measurement. To do so, we used the method described in [112] adapted to
the multidetector TETRA to evaluate the real detection rate at all times ¢, > t,y in each
3He counter and for each implantation cycle. Various deadtime were then applied offline
on each individual counters. Each event that passed through the offline deadtime was
assigned a correction weight given in Equation 4.19. Although this procedure reconciled
the two data groups, the returned ¢/, values show a small divergent behavior for small
deadtime corrections.

Even though we were unable to fully conclude this work, we can still give our best
estimate of the £,/ ®He value at this point of the study. To do so, the ¢, histograms for
both implantation cycles are summed together for each deadtime correction in histograms
with a 10 ms bin width ranging from ¢,y = 0 to 5 seconds. The final data are fitted with
the same model as before. As the background level is higher, we now fit the data between
toxn < t. < 3s. The results are shown in Figure 4.18. To obtain an estimate of the 8He
half-life, we used fit results with A > 1 ms only, where the p values are all greater than
0.25. Finally, the average half-life in this range is tl/Q(SHe) = 119.553 + 0.039 ms, where
the uncertainty is also an average of uncertainties from selected results.
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FIGURE 4.18 — Results of the final fits with respect to the deadtime imposed offline.
Panel (a) shows the result of each fit and a band that corresponds to our best estimate.
Panels (b) and (c) show the values of p and the reduced chi squares.
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Chapter 5

‘He analysis

In this chapter, we cover the different steps made to evaluate a stringent upper limit
for the existence of a dark decay in ®He. In the following, we discuss the calculation of
the average °He beam intensity with the plastic scintillator and how we used the events
recorded with the neutron detector TETRA.
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5.1 Overview of the model

The possibility of a neutron dark decay in ®He has been investigated using the neutron
detector TETRA to detect the emission of a free neutron. Assuming that the neutron
dark decay exists in He, free neutrons emitted at a rate proportional to the implanted and
surviving °He population in the catcher should be detected. During the experiment, the
radioactive °He beam was implanted inside the aluminum catcher for a duration of toy = 3
s followed by 7 s without the beam to monitor the decay products. The change in the ‘He
population over time ¢. within each cycle can be easily modeled by two parameters P (t.)
and Py(t.). Here, Pi(t.) and P(t,) describe the number of ®He nuclei inside the catcher
during the implantation time 0 < ¢, < toy and during the observation time oy < t. < 105,
respectively. First, the expression of P (t.) can be obtained from the following differential
equation :

dP, = —APydt + rodt, (5.1)

where A = 1/7 is the ®He decay rate and ry is the beam implantation rate inside the
catcher. We assume that the beam intensity is constant during the 3 seconds of implan-
tation. Solving Eq. (5.1) gives :

Pi(t,) = %0(1 — et (5.2)

For t. = toy, the expression of Py(t.) is directly given by the exponential decay law :
Py(t,) = Pgre(temton)/, (5.3)

where P™ is the population in the catcher at ¢, = toy and is given by P (toy). Therefore,

we can write : .
Py(t,) = Xo(efw/f —1)ete/T (5.4)

Subsequently, the equations representing the activity within the catcher A(t) = AP(¢)
are readily derived :
Ai(t,) = ro(1 —e7t/7), (5.5)

Ay(t,) = ro(e™ — 1)t/ (5.6)

Thus, the instantaneous detection rates Ni(t.) and Na(t.) in a detector with detection
efficiency e for decay products emitted from a specific decay channel ¢ with a branching
ratio Br; are :

Nilte) = o(1—e7t/7) + b, (5.7)

Ny(t.) = p(e'/™ — 1)e "/ + b, (5.8)

where b is an additional parameter representing a constant background and ¢ = eryBr;.
Constraining the existence of a dark decay in ®He thereby corresponds to putting a strin-
gent upper limit on its branching ratio Br,. This requires knowledge of only three different
parameters : the average *He beam intensity inside the catcher (ry), the neutron detection
efficiency of TETRA (g,,) and the neutron detection rate correlated to the *He decay and
measured with TETRA (¢). In the following work, the *He lifetime has been fixed at
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FIGURE 5.1 — Representation of the detection rate N (t.) with respect to the time ¢, within
an implantation cycle. The parameters used in this figure are ¢ = 1000s™%, b = 100s~*
and 7 = 1.164 s. The solid blue line shows the expected behavior with 3 s of implantation
and 7 s of observation. The dashed blue line represents the progression of N(t.) if the
beam is not stopped at t,y. The solid red line indicates the maximum detection rate
achieved for t, = 57.

7 = 1.164 s [112]. An example of an implantation cycle with ¢ = 1000s™! and b = 100s™!
is shown in Figure 5.1.

5.2 ‘He beam monitoring

The HPGe and plastic scintillator roles were to look for potential radioactive contaminants
that could be brought into the catcher along with the He nuclei. Furthermore, the plastic
scintillator was used to determine the average beam intensity parameter called rg.

5.2.1 v rays and bremsstrahlung detection with the HPGe

The HPGe was used during the ®He runs mainly to look for possible unwanted radioactive
nuclei that could be transported along with the ®He™ ions into the catcher. The energy
spectra at both HPGe positions are shown in Figure 5.2. The overwhelming majority of
events registered with the HPGe are not classical gamma from nuclear deexcitation, but
rather bremsstrahlung photons correlated with the emission of 8 particles from the He
decay and subsequently interacting with the surrounding matter. Only three different
lines were observed standing out of the bremsstrahlung bulk at both HPGe positions :
the 511 keV e*e™ annihilation line, a 661.6 keV line emitted from a *"Cs control beacon,

and a 1460.7 keV line emitted from **Bi present in the concrete inside the room.
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FIGURE 5.2 — Energy spectrum recorded with the HPGe at both positions. The vast
majority of events are from bremsstrahlung radiation.

5.2.2 Evaluation of ry from the plastic scintillator

The average beam intensity parameter ry required to assess an upper limit on Br, can
be evaluated thanks to the small solid angle plastic scintillator placed on top of the
HPGe. The HPGe and plastic scintillator were positioned differently to cope with the
®He beam intensity estimated online by the silicon detector along the LIRAT line. A
total of 37374 cycles are used in the following analysis. The first 19612 cycles were
performed with the plastic scintillator at the closest position from the catcher (~ 20cm)
with g5 = (8.67 £ 0.44) x 107*. The remaining 17762 cycles were performed at the
second and farthest position (& 40cm) with 5 = (1.57 £ 0.09) x 10~*.

Average beam intensity at each position

All recorded events within the 37374 implantation cycles with the plastic scintillator are
shown in Figure 5.3. Figure 5.3 (a) shows the energy spectra registered at both positions.
Figure 5.3 (b) shows their associated time distributions within an implantation cycle with
a binning of 10 ms. The two histograms in the latter figure are fitted using Equations
5.7 and 5.8. Although these histograms represent the total dose recorded at t., their
corresponding instantaneous detection rates during a typical cycle can be assessed simply
by dividing the content of a bin by the number of cycles and the width of the bin. It
is necessary to consider these factors to properly evaluate ¢ and calculate the associated
mean beam intensity rg.
Fitting the data in both histograms shown in Figure 5.3 (b) returned two different
values that we call ¢; which are connected to the desired ¢; as follows :
C ¢
¢i = NoA (5.9)
where ¢ = 1000 is the (ms™' — s™!) conversion factor, b = 10 ms is the bin width used on
both histograms and Cj is the number of cycles at the i = C,F plastic scintillator position.
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FIGURE 5.3 — (a) Plastic scintillator uncalibrated energy spectra. The blue (orange)
histogram corresponds to the data recorded during the first 19612 (last 17762) cycles where
the plastic was at ~ 20cm (~ 40cm) from the aluminum catcher. (b) Their corresponding
histograms as a function of the time in the cycle t.. Both data sets were fitted using the
model described by Equations 5.7 and 5.8.

The values produced by the fit are qgg = 3.81 x 10° and (5}7‘ = 5.68 x 10°. The relative
statistical uncertainties for both values are approximately 107%. Using Brg = 1 and the
appropriate detection efficiency €5, we find the two following average ®He beam intensities
roc = (2.25 £ 0.12) x 10" s7' and 7 r = (2.03 £ 0.11) x 10% s~! where the uncertainties
contain both the statistical uncertainty returned by the fit and the uncertainty on the
associated eg; value.

Average ry value during the experiment

To obtain an average beam intensity value on all cycles that we can use in the following
TETRA analysis, we first evaluate H;, the total number of implanted *He at the i = ¢,F
position using :

H; =ry;Citox. (5.10)

From this we obtain Ho = (1.32 +0.07) x 10'? and Hr = (1.08 £ 0.06) x 10'3. Therefore,
the total number of implanted He in the aluminum catcher during the experiment is
Hior = (1.21£0.07) x 10'3. Finally, using Equation 5.10, we determine the average beam
intensity over the 37374 cycles, resulting in 7o = (1.08 £ 0.06) x 108 s7!. All numbers
discussed in this section are compiled in Table 5.1. Along with the evaluation of rq, and
as can be seen in Figure 5.3 (b), the plastic scintillator analysis has revealed no f emitters
other than °He.

5.3 TETRA analysis

As mentioned above, the recording of events using TETRA mainly originates from three
distinct sources. The first corresponds to the detection of background events and arises at
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i egi x 104 C; é; x 1076 o (s71) H;

c 8674044 19612 3.81 (2.25+ 0.12) x 107 (1.32 + 0.07) x 102
F 1.57+0.09 17762 5.68 (2.03 4 0.11) x 10°  (1.08 % 0.06) x 103
Total 37374 (1.08 + 0.06) x 10° (1.21 + 0.07) x 103

TABLE 5.1 — Summary of all numbers involved in the plastic scintillator analysis.

a constant rate. The second comes from the detection of bremsstrahlung photons related
to ®He 8 decays. Finally, the third corresponds to the detection of neutron events, which,
in the case of a dark decay, should follow the ®He lifetime. Therefore, the purpose of the
data analysis with TETRA is to recover a reliable ¢ value as defined in Equations 5.7
and 5.8 that can be used to properly constrain Br,. To do so, we must ensure that any
deviation from a uniform background detection rate distribution in the final ¢, histogram
is not caused by any systematic effects. Identifying and removing these effects is the
primary concern discussed in the following work. All events registered with TETRA with
respect to their deposited energy inside the counters are shown in Figure 5.4.
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Counts/ keV

FIGURE 5.4 — Energy spectrum of TETRA with all events recorded throughout the 37374
implantation cycles.

5.3.1 Bremsstrahlung detection
Observation with TETRA

As with the HPGe, the bremsstrahlung associated with the 3 decay of *He was also
observed with TETRA. These photons were able to ionize the gas inside the counters
with a deposited energy usually lower than ~ 150 keV. Similarly to the HPGe, the vast
majority of events observed with TETRA are bremsstrahlung photons. Figure 5.5 (a)
shows these events in the energy spectrum of TETRA and Figure 5.5 (b) shows how
they are distributed with respect to t.. This bremsstrahlung detection is one of the main
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FIGURE 5.5 — (a) Energy spectrum of TETRA with a selection window in green for events
in the 0 < Eg4p < 200 keV range. (b) The associated histogram with respect to ¢.. The
data in the latter histogram is fitted using Equations 5.7 and 5.8 with a fixed *He lifetime.

Lower limit (keV) 150 200 250 300 400 500 600 700
en (%) 46.89 45.15 42.07 39.11 32.88 26.08 20.08 13.18
Ae,, (%) 5.08 489 456 424 356 283 218 143

TABLE 5.2 — All lower limits used to select events within the neutron detection range in
TETRA and their associated detection efficiency written in the form ¢, + Ae,, (%).

problems we have encountered during the analysis. As can be seen in Figure 5.5 (b), it
follows the %He lifetime and can extend into the deposited energy range corresponding
to neutron detection. Therefore, the bremsstrahlung detection mimics the dark decay we
are trying to observe.

Handling the bremsstrahlung

In order to deal with this contamination, we have simply made various cuts in the events
that are within the range of neutron detection. Similarly to what is shown in Figure 5.5,
events were selected with respect to various lower limits ranging from Ey., = 150 keV to
700 keV and a common upper limit placed at 820 keV. These different selection windows
were used to produce their corresponding t. histograms in which the data was fitted using
Equations 5.7 and 5.8. Note that these different data sets are not statistically independent
as they all share the same upper limit at 820 keV. The detection efficiencies with respect
to each lower limit are computed as described in Section 3.2.3. All lower limits starting
at Fgep = 150 keV and their corresponding detection efficiency are listed in Table 5.2.
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FIGURE 5.6 — (a) Distribution of events in the 250 < Eg., < 820 keV range with respect
to t.. (b) Distribution of events with Egz, > 820 keV with respect to t.. Both of these
figures show the recorded events from counter number 82 only which is the most affected
by these spurious events.

5.3.2 Anomalous counters with spurious events
Events following the beam implantation cycle

The first step in cleaning the data is to remove the counters that exhibited an anomalous
response. Dead counters and counters with an inappropriate deposited energy spectrum
were already excluded. Events recorded with TETRA during our experiment can be
differentiated according to their deposited energy inside the counter. As discussed above,
events with 0 < Fg, < 200 keV usually correspond to bremsstrahlung detection, while
events with 150 < Fg., < 820 keV are mainly attributed to neutron detection. However,
events with higher deposited energy up to the saturation level of the DAQ close to Ege, ~ 1
MeV were also recorded. The origin of such events was already discussed in Section 3.2.2.

In addition, few counters have registered events showing a strong correlation with the
beam implantation cycle in both the neutron detection range and above. Such events for
the counter labeled with the number 82 are shown in Figure 5.6 in the 250 < Fg,, < 820
keV and Egp, = 820 keV ranges. The lower limit at 250 keV is chosen to minimize
bremsstrahlung contamination. Fitting the data with Equations 5.7 and 5.8 without fixing
any parameters returned lifetime values compatible with the °He lifetime and, therefore,
also simulate the dark decay. The reason why some counters were more affected than
others, as discussed below, remains unclear.

Identification of the affected counters

Assuming a pure background detection only, histograms showing the distribution of events
within an implantation cycle between 0 and 10 seconds, as in Figure 5.6, should have a
mean value of £, = 5 s. In such histograms with uniformly distributed background events,
statistical fluctuations should be the only reason for possible mean values below and above
5 s. For each counter in TETRA, the following values (5 —1t,) and (5—t,) were calculated
where t,, and ¢ are the mean values of ¢, in the 250 < Ey, < 820 keV and in the E4, > 820
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FIGURE 5.7 — (5 —t,) (a) and (5 — t,) (b) distributions with respect to the label of each
counter from TETRA.

keV ranges, respectively. Each mean value is expressed in seconds. These values with
respect to the number given as a label for each counter are shown in Figure 5.7. These
two figures already show a few counters that display a behavior strongly correlated with
the implantation cycle. However, they do not provide sufficient information separately
to draw any conclusions. In fact, highlighting problematic counters with spurious events
in both energy ranges requires building the (5 — ¢,) vs (5 — ¢,,) distribution as shown in
Figure 5.8.
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FIGURE 5.8 — (5 —t;) vs (5 — t,,) distribution for all TETRA counters.

In this figure, the counters are distributed around the (0,0) point. This figure can
be divided into 4 parts : one positively correlated with coordinates (= 0,> 0) and three
anticorrelated with coordinates (< 0,< 0), (< 0,> 0) and (> 0,< 0). If a counter is
located in the correlated region, this means that events in its associated t. histogram
are usually placed with ¢. < 5 s in both energy ranges, as in Figures 5.6 (a) and (b).
Obviously and as stated before, a counter could be located in this part only because of
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statistical fluctuations. Therefore, a counter is deemed problematic if it is located in the
correlated region with sufficiently large deviations in both directions compared to the rest
of the counters. The green ellipse in Figure 5.8 contains all the counters with deviations
that can be attributed to statistical fluctuations, since we can find counters in all four
parts almost equally. The red ellipse contains counters with larger deviations which can
be found either in one anticorrelated part or in the correlated region but with a deviation
mainly along one axis. The four counters outside the red ellipse (such as the counter
numbered 82 in Figure 5.6) are marked as problematic and were removed from the final
analysis. In the end, 72 counters are used in the following work.

5.3.3 Searching for events above the background level
Time interval between events

An interesting feature in experimental physics is the description of time intervals between
successive events recorded by a detector. Assuming a constant detection rate r, it can be
shown that the time interval At between each event will be distributed as :

P(At) ~ e (5.11)

where P(At) is the probability to have a time interval of At between two adjacent events
[100]. Figure 5.9 shows the t. histogram of events recorded in the 150 < Eg, < 820 keV
range. Comparing this ¢, histogram with other ¢, histograms shown above, as in Figure 5.3
(b), it is clear that the events registered with TETRA in this particular range are mainly
due to background neutron detection. Therefore, we can build the P(At) distribution in
the neutron detection range with TETRA to search for potential additional event sources.
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FIGURE 5.9 — Distribution of all events recorded with the 72 selected counters from

TETRA in the 150 < Ej, < 820 keV range with respect to their time of arrival ¢, in an
implantation cycle.
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FIGURE 5.10 — Time interval between consecutive events for 0 < At < 12 seconds (a)
and for 0 < At < 3 ms (b). The fit in (a) is made according to the model in Equation
5.11.

Additional sources of events

In the following, we consider TETRA as a unique detector with a single event timeline,
built by aggregating together all timelines from each selected counter. The P(At) his-
togram is then built by comparing the timestamp difference between each consecutive
event. This histogram for events in the 150 < Fg., < 820 keV range is shown in Figure
5.10 (a) for At values between 0 and 12 seconds. The data in this histogram are fitted
with an exponential model as described in Equation 5.11 and returned a detection rate
around 1.14 Hz, which is compatible with the rate assessed in background runs. An ad-
ditional distribution can also be observed for At values between 0 and 3 ms, as shown
in Figure 5.10 (b). In this figure, the distribution for time intervals between 1 and 3 ms
is mainly the continuity of the distribution shown in Figure 5.10 (a). However, another
distribution clearly stands out for time intervals between 0 and 1 ms.

This additional distribution can also be observed when using different lower thresholds
listed in Table 5.2. The ¢, histograms for the lower limits placed at 400 and 700 keV are
shown in Figure 5.11 (a) and their corresponding time interval distributions are shown
in Figure 5.11 (b). In both figures, the histograms with the lower Eg, limit at 150 keV
already discussed above are also shown as a point of comparison. Different reasons can
explain the origin of the second distribution : (i) Artifact time intervals as a consequence
of regrouping all selected counters within a single timeline. (ii) Background events of a
different origin than ambient neutron detection, highly increasing the detection rate in
short time windows. (iii) Events correlated with %He decays, such as bremsstrahlungs or
potential dark decays.

Event flagging

The way in which these events can affect our final result by altering the t. histograms can
be investigated by flagging them. If an event with index j + 1 is closer than a predefined
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FIGURE 5.11 — (a) ¢, histograms for three different Eg, lower limits. (b) Their associated
At distribution in the 0 < At < 1 ms range.

time interval At to the event with index j in a specific Eg, range, then both events are
flagged. Following this, if the j + 2 event is also closer than At to the j + 1 event, then
the three events j,7 + 1 and j + 2 are flagged. This continues until one event i is at a
distance greater than At from the previous event ¢ — 1. Finally, if an event k is separated
by at least At from the k£ — 1 and k + 1 events, then £ is not flagged. This procedure is
summarized in Figure 5.12. In the following analysis, we will use two different At values
to flag the events in all ranges of Ey, listed in Table 5.2 : At; = 300us and Aty = 1ms.
These time intervals are defined this way, because both values largely cover the additional
event source shown in Figure 5.11 (b). Once the events in question are flagged, they can
be removed from the original data sets, as shown in Figure 5.13.

A =20us
n —/— | | .
@) | | >t
3) I |,

Each At < At, = flagged events /
A A S S T
F] F] F] F] F] Both At > At. = non flagged event

FIGURE 5.12 — Example showing the event line of three different counters from TETRA
with their deadtime A = 20us and their sum Y. The events that are closer than At; =
0.3 or 1 ms from each other are marked with a flag.
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FIGURE 5.13 — ¢, histograms with all events and with the flagged events removed. (a)
shows the distributions for events with Eg, = 150 keV and (b) for events with Ey., = 700
keV. In both figures, the time interval used to flag the events is At; = 300us.
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FIGURE 5.14 — Multiplicity of events within At, = 1 ms with respect to the number of
hit counters. The data shown here are for events with 150 < Eg,, < 820 keV.

In addition, it is also possible to determine how many counters have been activated
by these events, as shown in Figure 5.14. This figure shows the number of events with
150 < Ejgep < 820 keV and Aty = 1 ms with respect to the number of counters they fired.
Most flagged events are located along the y = x line in the figure, which means that each
flagged event fired a different counter. If the multiplicity is strictly superior to the number
of counters, it means that at least one counter was fired twice or more in the total time
window in which the events were flagged. Groups with high multiplicity can be linked to
spallation reaction from cosmic origins hitting multiple counters at the same time. The
flagged events usually represent less than 10% of the total statistics. There are little to
no differences between the numbers of events flagged with At; = 300p s and Aty = 1 ms.
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5.4 Evaluation of Br,

5.4.1 Fit procedure

All of the above discussions have highlighted two main sources of events that can alter
our measurement of Br,, for the °He dark decay : (i) the bremsstrahlung contamination
and (ii) additional events sources that are difficult to clearly identify (cosmic spallation,
radioactivity from material composing the counters, etc.). Indeed, (i) and (ii) can both
potentially mimic the dark decay and their influence on our data must be thoroughly
evaluated. In order to achieve a reliable branching ratio upper limit for the proposed
®He dark decay, multiple sets of data were produced. Initially, eight sets with different
lower thresholds Ejg., were made as listed in Table 5.2. We remind the reader that these
groups of data are not statistically independent as they all share a common upper limit
at Egep = 820 keV. For each of these sets, two additional subsets were generated in which
all TETRA triggers within At; = 300us or Aty = 1ms were removed. Therefore, a total
of 24 datasets were produced.

All of these different data sets were used to produce their corresponding ¢. histograms.
Then, all of these histograms were fitted with the model described by Equations 5.7 and
5.8. Moreover, to check any potential binning dependence on the final result, fits were
performed on each group with bin widths ranging from 0.5 to 500 ms. All fits were
performed using the log likelihood method provided by ROOT. As discussed in Section
5.2.2, fitting the data first returns the parameter (/5 The final variable ¢ is achieved
through Equation 5.9 using ¢ = 1000 which is the (ms™!
the bin width and Cy; = 37374 is the total number of implantation cycles. Contrary
to the %He lifetime that is fixed, the remaining ¢ and b parameters from Equations 5.7
and 5.8 are left completely free and no limits were placed on them to restrict the fitting

— s71) conversion factor, b is

procedure.

5.4.2 Results

All the ¢ values obtained from the multiple fits are compiled in Figure 5.15. This figure
is divided into three panels labeled (a), (b) and (c). First, the values of ¢ in units of
(s71) with respect to the bin width in (ms) units are shown in each panel. Secondly, all
data groups with respect to the lower threshold in deposited energy can be found in each
panel. An additional group with a lower limit of Eg, = 100 keV is also shown in each
panel to highlight the effect of bremsstrahlung detection on the ¢ values, but will not be
used in the remaining work. Finally, panel (a) shows the results for fits performed on all
events, while panels (b) and (c¢) show the results for fits performed on data groups where
TETRA triggers within At; = 300us and Aty = 1ms, respectively, were rejected in each
Egep Tange.

The uncertainties shown in Figure 5.15 are only statistical and are returned by the
fit. Relatively speaking and for data groups with lower limits higher than 200 keV, these
statistical uncertainties are all at the 100% level or higher. There is no noticeable binning
effect on the computed values of ¢ in the vast majority of data groups. Some effects can be
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FIGURE 5.15 — All ¢ values achieved from the multiple fits with respect to the binning of
the concerned ¢, histogram and the lower limit in Ey.,. Fits performed using all TETRA
events are shown in (a). Fits performed on data groups where events recorded within
Aty = 300us and Aty = 1ms were removed are shown in (b) and (c¢) respectively.

observed for groups with lower limits at 600 and 700 keV in panel (a), but the variations
are well within error bars. The removal of TETRA triggers within At; » had little to no
effect on the ¢ values for groups with Eg., < 200 keV. Some variations within the error
bars can be seen for the ¢ values of the data groups with Eg., > 250 keV. This comes along
with an overall great improvement in the p-values returned for each fit, indicating that
removing the additional event source resulted in a better statistical agreement between
the data and the model. For that reason, the next discussions will be based on ¢ values
returned for data groups where all TETRA triggers within At; were rejected and for bin
widths of 100 ms. Such ¢ values are shown in Figure 5.16 (a) and the p values of each fit,
all well above 0.05, are shown in Figure 5.16 (c).

The different ¢ values shown in Figure 5.16 (a) cannot be directly compared together
as their determination depends on the size of each data group. To solve this, we need
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FIGURE 5.16 — (a) ¢ values with respect to the lower Ej., threshold for fits performed with
Equations 5.7 and 5.8 on data groups where events within At; = 300us were removed.
(b) Resulting branching ratio after scaling by the detection efficiency and the ®He beam
intensity. (c) Corresponding p values for each fit. The dashed line in (a) and (b) is set at
zZero.
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to calculate their corresponding dark branching ratios using ¢ = &,r¢Br,. These Br,
values are shown in Figure 5.16 (b). The error bars shown in this figure correspond to
the statistical uncertainties on each value of ¢ returned by the fit and propagated along
with the uncertainties on their associated ¢, and on ry. The data group with the most
statistics (lower threshold at Eg., = 150 keV) clearly exhibits signs of bremsstrahlung
contamination that slowly vanishes as the threshold increases. All the branching ratio
values for Eg., = 200 keV are generally in good agreement with each other with respect
to their uncertainty.

5.4.3 Stringent upper limit

To place a strict upper limit on the branching ratio for the dark decay in ®He, each
value shown in Figure 5.16 (b) is associated with a normal distribution with the following
parameters :

(1,0) = (Brys, u(Bry;)), (5.12)

where Br, ; is the branching ratio value for the i-th threshold associated with the uncer-
tainty u(Br, ;). Apart from the value at E4, = 150 keV, all the values in Figure 5.16
(b) are compatible with zero, with a tension lower than 30. In the following, part of
each distribution that goes to Br, < 0 is ignored in order to renormalize each surface
with branching ratio values that are meaningful and physical. For each distribution, we
compute the branching ratio value where 95% of the distribution surface is covered. This
procedure for events with 300 < Eg., < 820 keV is shown in Figure 5.17.

Rejected values
95% C.L. Br,

x107°

04 -02 0 02 04 06 08
Brx

FIGURE 5.17 — Representation of the procedure followed to achieve the 95% C.L. dark
branching ratio for the data group with Egz.,, > 300 keV.

The result of this work is shown in Figure 5.18. As discussed above, the first point
at Fgep = 150 keV distinctly shows that the data group is tainted by bremsstrahlung
events that replicate the dark decay. Finally, considering thresholds with Fg4., = 300 keV
where the bremsstrahlung contamination seems to have little to no effects, we can place
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FIGURE 5.18 — Branching ratio values pushed at a 95% confidence level for each Ege,
range. The red line indicates the conservative upper limit retained for the dark decay in
He at 4.0 x 1071,

a conservative upper limit :
Br, <4.0 x 107" (5.13)

for the SHe dark decay with a 95% confidence level. This limit is represented by the red
line in Figure 5.18. Therefore, the maximum branching ratio we obtain is almost five
orders of magnitude lower than the upper limit at 1.2 x 107 computed by Pfiitzner and
Riisager in [79] to explain the neutron lifetime anomaly only through dark decays.

91



Chapter 6

Mass mixing constraint

The maximum branching ratio for the dark decay in ®He has been determined to be
Br, < 4.0 x 107! which serves to constrain the dark decay model. This chapter outlines
the fundamentals of calculating any decay rate and how this can be used to explore and
further constrain the parameter space for the neutron dark decay using our °He result.
Finally, this chapter ends with an explanation on how to probe the entire range of m,
using '"C. All expressions written in this chapter are in natural units, where [c] = [A] = 1.
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6.1 Overview

Two essential quantities in physics are the cross sections and the decay rates of any given
process. These quantities can be measured experimentally and can also be calculated
theoretically, providing a direct method of testing our understanding of nature. The
main idea of this thesis work was to give an upper limit branching ratio for a neutron
dark decay in ®He. A branching ratio is intrinsically related to the total decay rate Iy
of any unstable particle that appears in the well-known radioactive law written as :

N(t) = Noe ™t = Noe /", (6.1)

In this last equation, Ny is the initial number of particles at ¢ = 0 and 7 = 1/T'y is
known as the lifetime of the unstable particle. The total decay rate of this particle can be
expressed as the aggregate of all partial decay rates I'; related to each individual decay
process 1 like :

Lot = 2 r;. (6.2)

Now, a partial decay rate can simply be written as :
Iy = Briliot, (6-3)

where Br; is the branching ratio of the i-th decay process. Therefore, we can write
Equation 6.2 like :

Liot = Z Bril'ios. (6-4)

In the case of %He, its half-life has recently been accurately measured with typ =
In2/T = 807.25 + 0.16 + 0.11 ms [112]. For the alleged dark decay in ®He, we have
measured a branching ratio upper limit at Br, < 4.0 x 1071% with a 95% confidence level.
The theoretical expression for I'y, the partial decay rate for the dark decay in %He, is
the missing link needed to set further constraints on the model. Once an appropriate
formulation of I'y is established, the known values of ¢, and Br, can be used to explore

the parameter space (m,, mnfmx) associated with the dark decay model (see Section 2.2)
through :
€ In2
ry(m,, —— ) = —Br,. 6.5
() -~ o, (65

6.2 Decay rate calculations

6.2.1 General formula

The following equations are written in the same form as presented by the PDG in the
Kinematics section of their latest review [113]. The differential expression of the partial
decay rate for a particle with mass M in its rest frame in the initial state, decaying into
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n particles in the final state can be written like :

4
Al = fﬁ |IM[*dd,,, (6.6)

where M is known as the Lorentz-invariant matrix element or the decay amplitude and
d®,, corresponds to the n-body phase space element. As with the decay amplitude, the
phase space factor is also taken in its Lorentz-invariant form, meaning that it is relativis-
tically invariant under any change of reference frame. It is sometimes written as dLIPS
which stands for Lorentz-invariant phase space. It can be expressed as :

o sz H 277)3pQZEl’ (6-7)

where p; and E; are the 4-momentum and the energy of the i-th particle in the final state
and P is the 4-momentum of the decaying particle. The delta function 6* ensures that
the total energy and momentum are conserved in the process. The ”#” simply means that
it acts on all four components of the total 4-vector (P — " | p;).

The phase space element is concerned with the kinematics of the decay process. It
describes how the available energy is shared between all particles in the final state. The
decay amplitude, on the other hand, describes the physics behind the decay. It can be
expressed in a simple but effective way, or it can be expressed in a harder manner by
laying out the fundamental picture behind the process. Like g decay was first described
as a contact interaction and later understood as the interaction of a quark current and a
leptonic current through the mediation of a W boson.

For a 3-body decay, the differential decay rate after integration of d®5 can be expressed
as : .

I'= Pk 16M’M‘ dE, dEs dad(cos ) dry, (6.8)
where «, § and 7 are three Euler angles giving the orientation of the emitted particles in
the final state with respect to the decaying particle in the initial state. To perform the
remaining integration and obtain a theoretical expression for the dark decay rate in *He,
it is necessary to evaluate the form of the matrix element M.

6.2.2 Decay amplitude in ‘He

The He nucleus is characterized as a Borromean nucleus, which means that all of its two-
body subsystems are unbound. Many theoretical attempts have successfully described
%He as the following 3-body system a + n + n with well-defined an and nn interactions
[114]. The core is usually considered an inert *He nucleus with significant S,, ,(*He) ~ 20
MeV values. The two valence neutrons, on the other hand, are weakly bound to the «
core with Sy, (°He) = 0.975 MeV and are known to exist in both dineutron and cigar-like
configurations [115, 116]. For that reason, the dark decay in this nucleus can be largely
considered to happen only in one of the halo neutrons, leaving the o core and the other
neutron as simple spectators.
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In the simplest assumption, the interaction in °He is due to the mass mixing of a halo
neutron with a dark fermion y. The matrix element to the lowest order simply is :

£ 4 6
= He,2n| H .
M o (*He, 2n| "He), (6.9)

n X

where (*He, 2n|*He) corresponds to the overlap between initial and final state wave func-
tions, probing the degree to which one of the halo neutrons can be considered free. We
assume here that the emission angle and energy of the outgoing particles do not influence
the expression of M. Moreover, here M is dimensionless, as expected for a 3-body decay.
The wave function overlap (*He, 2n|®He), also called the spectroscopic factor S, has
never been evaluated for halo neutrons in the °He nucleus. However, it has been experi-
mentally measured in nuclei such as ''Be and '°C, both of which are nuclei with a single
halo neutron. In [117], spectroscopic factors for 1°C in both its ground state and some of
its excited states were obtained by measuring the angular distribution of cross sections for
the "*C(d, p) '°C reaction. A mean value of 0.75 was obtained. In [118], it was determined
that the ground state of "'Be could be described by a '°Be core with a valence neutron
exhibiting predominantly single-particle behavior with a spectroscopic factor of 0.85 for
this particular component. These two factors were also used in [119], which investigated
the possibility of neutron dark decay in these nuclei. Therefore, we will use two different
values for the °He case : (i) S = 1, which is the limit case where the halo neutron is
completely free and (ii) S = 0.5, which serves as a more conservative estimate.

6.2.3 x parameter space
Constraint from the ‘He result

Now that we have a formulation of M for the dark decay in ®He, we can inject it into
Equation 6.8 to achieve an expression of I'y. Performing the remaining integration on the
various emission angles results in :

1 1 —2

dr, =

Using M = mg, + 2m, — S, as the “He mass we can identify dE; 3 as the energy of
any of the three outgoing particles, since all combinations will lead to the same result.
Therefore, computing the final integration leads to :

r ! 5 = Y (mn — S )2 (6.11)
= my — n— M ) .
X (2m)3 8(mg + 2my — Sap) \my, —my 2 X

where S = 0.5, 1 is the spectroscopic factor discussed above. The decay rate shown here
is expressed in MeV. In order to remain consistent in terms of unit, the value °He dark
decay rate used in the following work is :

B 4.0 x 10710

N 61 6.582 x 10722, (6.12)
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where 6.582 x 10722 is the (s™!' — MeV) conversion factor, 4.0 x 107! is our measured
upper limit of Br, and 1.164 seconds is the He lifetime. Isolating the mass mixing term
e/(m, — m,), we obtain the final equation allowing us to probe the parameter space :

( e )2 _@n)p 16T e 2 S), o1

My, — My S2 - (my, — Sap — My )?

In addition to our experimental limit on Br,, this equation allows us to exclude a
region of the parameter space probed with °He as shown in Figure 6.1. In this figure, the
red and purple vertical bands correspond to the stability of Be and y, respectively, as
discussed in Section 2.2. The vertical grey band that goes from m,, to m,, — S, = 938.59
MeV is a part of the open mass region that we cannot probe with the °He dark decay.
Finally, the grey dotted lines shows the behavior of the xy parameter space with respect
to three different branching ratios for the free neutron dark decay. One is at the 1% level
which is the actual beam-bottle discrepancy and the other two are at 0.01% and 0.001%.
These three lines were derived using the expression of the n — x7vy decay rate given in
Equation 2.15.

Constraints from UCN7 and Borexino

The blue and orange shaded areas represent the exclusion zones obtained from the UCNT
and Borexino experiments, respectively. The UCNT experiment has already been dis-
cussed in Section 2.2.3, but Borexino has not yet been introduced. It is an apparatus
located deep underground at the Gran Sasso National Laboratory in Italy. It was first
designed to study low-energy solar neutrinos using a radiopure liquid scintillator in an
environment optimized to minimize background contamination as much as possible [121].
From January 2012 to May 2013, the Borexino apparatus was used to test the conserva-
tion of the electric charge by looking for the charge nonconserving electron decay into a
neutrino and a monoenergetic 256 keV photon [122] :

e — V. (6.14)

The results of this experiment were used by the authors in [120] to investigate the stability
of the hydrogen atom against the dark decay. In this framework, the hydrogen atom would
first undergo an electronic capture reaction which gives a neutron and a neutrino, followed
by the dark decay of this neutron into a dark fermion and a monochromatic photon :

H — v.xv. (6.15)

As argued in this last article, this exotic process can be investigated using the data
recorded with Borexino in [122] since the apparatus contains a large amount of hydrogen
atoms. The authors in [120] used the experimental results from both the Borexino and
the UCNT experiment to derive their associated constraint on the mass mixing parameter
responsible for the dark decay with respect to the mass of the emitted dark fermion.
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FIGURE 6.1 — Exclusion diagram of the parameter space for the dark fermion y. The red
and purple vertical bands correspond to the Be and dark matter stability conditions. The
grey vertical band corresponds to a part of the open mass range we are not sensitive to
with °He. The grey dotted lines correspond to three different neutron lifetime discrepancy
scenario : the actual beam-bottle discrepancy at the 1% level and two additional cases at
0.01% and 0.001%. The blue and orange shaded region are results derived from the UCNT
and Borexino experiments respectively [120]. Finally, exclusion zones resulting from our

experimental limit are shown in green. S=1 is represented by the dash-dotted line and
S=0.5 with the solid line.

97



CHAPTER 6. MASS MIXING CONSTRAINT

Conclusion

The green shaded area in Figure 6.1 represents the exclusion zone obtained with Equation
6.13 using the conservative value of S=0.5 for the wavefunction overlap. The dash-dotted
green is obtained with the same calculation, but with S=1. The results show a clear
improvement over the other two competitive constraints from Borexino and UCN7. Our
calculations reach branching ratios of O(10™* — 107°) in order for the free neutron dark
decay to be consistent with our data in more than half of the mass range probed by ®He.
The last part remains largely under the actual beam-bottle discrepancy at O(1072). Only
a fraction goes beyond this level when m, — m,, — Ss, where Equation 6.13 diverges. In
the end, if no other reason can suppress or even prevent the °He dark decay, then this
result completely excludes the dark decay as a solution to the neutron lifetime anomaly
in the ~75% of the mass range probed with °He. The remaining ~25% seems to be fully
covered by the UCNT but the reader should be reminded that this experiment (and the
data from Borexino as well) only probes the decay n — x7.

6.2.4 ¢ parameter space

The constraint obtained for the parameter space of the dark fermion y can also be used
to further limit the dark decay model. Although the scalar boson ¢ that appears in the
decay n — x¢ is not involved in the final state of the investigated nuclear dark decay
%He — *He +n + x, its parameter space (mg, |\y|) can still be probed with our result. As
suggested in [78], the final state dark fermion y can also play the role of the intermediate
dark fermion y that mixes with the neutron. In that specific scenario, the parameter
space of each dark fermions is :

£ £
— | = o, 6.16
(o) = (o) 019

and our result obtained with the ‘He can be injected into the decay rate formula of the
n — x¢ in Equation 2.17.

In the following work, we first consider the actual beam-bottle discrepancy and a
second neutron lifetime discrepancy at the 0.001% level. These discrepancies lead to
decay rate values of I, (1%) = 8.02 x 102" MeV and I',(0.001%) = 7.49 x 1072 MeV.
Different values of m, and €/(m,, —m,) consistent with their associated discrepancy can
be evaluated in Figure 6.1 where the grey dotted lines cross with the green solid line.
These values are listed in Table 6.1.

Discrepancy I, (MeV) my (MeV) g/(m, —m,) mg™ (MeV)
1% 8.02 x 10727 938.590 5.0 x 10710 0.975
0.001% 7.49 x 10730 938.100 0.09 x 10710 1.465

TABLE 6.1 — Parameters used to compute exclusion areas in the parameter space of the
dark scalar ¢.
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FIGURE 6.2 — Exclusion diagram of the parameter space for the dark scalar ¢. The
shaded region in blue corresponds to a neutron lifetime discrepancy of 0.001%, whereas
the purple shaded part is compatible with the actual beam-bottle discrepancy.

Subsequently, these values can be injected into the n — y¢ decay rate in Equation
2.17 to probe the parameter space of the dark scalar ¢ as shown in Figure 6.2. As already
mentioned in Section 2.2.1, there is no specific mass hierarchy between x and ¢ in the
original n — x¢ decay. Using our results from ®He obviously forces m, ~ 1 MeV, since
we have 937.993 < m, < m,, — Sz, MeV. On the other hand, the maximum mass mg™
for both discrepancies listed in Table 6.1 is still consistent with ¢ being a dark matter

max

candidate since we have m 6 L my + me.

6.3 Dark decay in ''C

As discussed in Section 2.3.2, the "C nucleus can still be used to look for dark decays
through the channel '"C — 'C + x. The presence of a dark decay in this nucleus
can be probed thanks to the n channel in the '°C disintegration. Here, we present
simulations that reproduce the decay of '"C using Monte Carlo methods where a nonzero
dark branching ratio is introduced to study the impact it would have with respect to
neutron detection.

6.3.1 Monte Carlo simulations of the '"C decay

The simulations were performed using the random number generator class in ROOT called
TRandom3. In this work, we assume an experiment designed in a way similar to the one
presented in this manuscript with ®He. A pure '"C beam is implanted within a catcher
where the nuclei are stopped and subsequently decay. An implantation cycle lasts 10
seconds, with toy = 1.2 s used to implant the beam. The time in each cycle is discretized
into several steps with a duration #s., = 1 ms, allowing one to obtain a good enough
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precision since the smallest half-life involved is #,5(*"C) = 193 ms. The other half-lives
included in the simulation are #;,(*"N) = 4171 ms and #;5(*°C) = 750 ms. The intensity
of the '"C beam is taken to be 79 = 10° s~*. Therefore, at each time step during the 1.2 s
of implantation, 100 '"C nuclei are implanted. At each time step, if the population N; of
a particular isotope 7 is greater than zero, then a random number 0 < P; < 1 is generated
for each nucleus j in N;. Finally, the randomly generated number P; for each nucleus in
N; is compared with the coupling of the decay rate of the i-th isotope and the width of
the time step. If we have :

log 2
(1)
ta

. (P>

tstep), then the j-th nucleus survives and goes on the next time step,

log 2

()
t1/2

(P < tstep), then the j-th nucleus decays and is removed from the population.

For each nucleus £k that decays within tg.p, a second random number 0 < B, < 1is
generated to decide which branch the nucleus will follow. For '"C, we implemented the
[ decay, fn decay and the dark decay. The values of the branching ratio used for this
nucleus are Brg, = 0.284, Br, = 1072, 1073 or 107%, and, to ensure unity, the remaining
branching ratio is defined as Brg = 1 — Brg,, — Br,. The potential $2n branch is not
simulated, as it would produce N, which is stable. For *'N and '°C, branching ratios of
0.951 and 0.993 were used for the Sn decays. All lifetime and branching ratio values listed
here are from NuDat3. In the case of '’C, the randomly generated number is compared
to the different branching ratios, so that if we have :

e (By < Br,), then the population of '°C is increased by one,
+ (Br, < By < Br, + Brg,), then a neutron is emitted,
e (Br, + Brg, < By < 1), then the population of "N is increased by one.

The same logic applies for the other two isotopes, where a neutron is emitted if we have
By < Brgn(wC; '"N). For simplicity, we assume a neutron detector with unit detection
efficiency in the simulation. Therefore, no additional test is performed to check if an
emitted neutron is observed or not. If a neutron is emitted within a time step, then it is
detected within the same time step. Once a cycle is over, another one in which all initial
abundances of isotopes are reset to zero begins until the maximum number of cycles is
reached.

6.3.2 Result of the simulations

As mentioned above, the simulations were performed with three different values for the
dark decay branching ratio. The first is at 1072 and serves as a boundary scenario that
emphasizes the effect of a dark decay in '"C. Another simulation was performed with a
branching ratio of 1079, better aligned with the upper limit estimated by Pfiitzner and
Riisager in [79]. Finally, a simulation was also performed with an intermediate branching
ratio of 107?. The number of cycles is 2000 for the simulations with Br, = 1% or 0.1%
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FIGURE 6.3 — (a) Result of the simulation with Br, = 1%. The events are distributed
with respect to their time ¢. within a cycle. The parent nuclei responsible for each event
are listed in the legend. The parent nucleus revealing the dark decay is '°C. (b) Fit of
the data starting at toy. Model 1 corresponds to Equation 6.18 and Model 2 to Equation
6.17. (c) Absolute value of the residuals with respect to each fit.

and 10000 with Br, = 107%. This corresponds to ~ 5h30 and ~ 27h45 of beam time,
respectively. The results with Br, = 1% are shown in Figure 6.3. Figure 6.3 (a) shows how
neutron events are distributed with respect to their time ¢, within an implantation cycle.
The histogram also illustrates how the aggregated distribution (blue line) is partitioned
relative to the parent nucleus. Figure 6.3 (b) shows a fit performed on the data between

tox = 1.2 and 10 s.

Since neutron detection in this part should follow the lifetime of all nuclei involved in
neutron emission, in the case of a dark decay the equation should read :

N(t,) = Ny Mlemto) o Nyemhelteton) o Neslteton) (6.17)

where \; = log 2/t§i/)2 is the radioactive constant of the i-th nucleus. If there is no '"C
dark decay, then Equation 6.17 turns into :

N(t.) = Nye Mlemto) 4 NyemAelteton), (6.18)
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FIGURE 6.4 — Absolute value of the residuals for Br, = 107% (a) and Br, = 107° (b).

where the 'C component has simply been removed.

There is only a slight visual difference between the fits performed in Figure 6.3 (b)
with the two different models. The deviation between between the data and the model
can be highlighted by computing the residuals Res; at each bin 7 like :

Nmeasi - Nmo el,g
Res; = ’ deli (6.19)
\/ Nmeas,i

where Npeas; is the measured number of events in bin number ¢ and Nyoqe1; the number
of events expected by the fit model. This corresponds to the difference between the data
and the model normalized by the statistical uncertainty of the bin. The absolute values
for the residuals obtained with the two models are shown in Figure 6.3 (c). It can be
seen that fitting the data without taking into account the simulated dark decay branch
completely fails to reproduce the data with residuals that clearly exceed the usual 30

level.

The same procedure was applied for simulations with a dark decay probability of
1073 and 1075, The residuals obtained for each branching ratio are shown in Figure 6.4.
Although there is a notable difference between the residuals obtained in Figure 6.4 (a),
it is not as large as in Figure 6.3 (c). In the case of a dark decay at the level of 107%, the
residuals shown in Figure 6.4 (b) are almost identical between the two models. Probing
the '"C dark decay at a very low level would therefore require both more time and a

higher beam intensity:.

6.4 Conclusion and perspective

The experimental upper limit Br, < 4.0 x 1071% obtained for the ®He dark decay was
translated into a constraint on the model by achieving a theoretical calculation of the
associated decay rate, including the 3-body phase space and the mass mixing term &/(m,, —
my ). The result shown in Figure 6.1 completely excludes dark decays as a solution to the
neutron lifetime discrepancy in the mass range probed by ®He.

Although this result is in agreement with competitive constraints obtained by the
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Borexino and UCNT apparatus, it also provides a complementary point of view, since
these experiments specifically looked for gamma emissions, leaving the n — x¢ decay
unprobed. Furthermore, even though our result reaches levels of O(107°) for the lifetime
discrepancy, we only cover ~ 75% of the open mass range for y to be a dark matter
candidate.

In this chapter, we discussed the feasibility of investigating the whole open mass
range using the proposed dark decay in "C. An experiment could be performed at the
Facility for Rare Isotope Beams (FRIB) at Michigan State University (MSU). Under
optimal conditions, FRIB would be able to produce a stopped '"C beam with an intensity
ro ~ 5.0 x 10° pps [123], comparable to the value used for the simulation. Using this
beam in a setup similar to the one presented in Section 3.1 with a high-efficiency neutron
counter (g, ~ 50%) could therefore be a solution to probe the entire mass range without
looking for a specific gamma emission. In addition, if there are no unknown rules that
could prevent dark decays in '"C, such an experiment could bring a final word on the
neutron dark decay hypothesis.
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General conclusion

The neutron dark decay model has been proposed as a possible explanation to the neutron
lifetime discrepancy between beam and bottle experiments. Shortly after the original 2018
publication, free neutron experiments investigating the two decay modes involving final-
state SM particles published their results, all of which were incompatible with the actual
beam-bottle discrepancy. The problem with such experiments is that they cannot probe
the channel with dark particles only in the final state. A different method used to test
the model was to look for the consequences of dark decays in neutron stars, particularly
how they impact the stellar objects equation of state. These studies initially ruled out
the dark decay model, as they could not reproduce neutron stars with masses of ~ 2M,.
Later, it was found that adding ingredients to the model such as repulsive dark matter

interactions was enough to reconcile neutron stars with dark decays.

Dark decays have also been suggested to occur in a selection of radioactive nuclei that
satisfy certain energy conditions. The difficulty of this approach is to find a good nucleus
in which a dark decay would give a clear and unambiguous signature while covering a
sufficiently large part of the open mass range for the dark fermion. The He proved to be
a very good candidate for nuclear dark decay studies. Indeed, a dark decay in this nucleus
would lead to the emission of a free neutron, a process otherwise forbidden in the standard
®He decay. Furthermore, this nucleus covers ~ 75% of the open mass range for the fermion
x to be a dark matter candidate. An experiment searching for a neutron dark decay in
%He was performed in June 2021 at GANIL. The data analysis resulted in a stringent
upper limit of Br, < 4.0 x 1071 with a 95% confidence level. This experimental result
was then translated into a strong constraint on the mass mixing parameter responsible
for the dark decay. Calculations including the three-body phase space resulted in limits
well below the level of the actual beam-bottle discrepancy in the mass range probed with
®He.

This result provides a complementary picture to the various limits obtained in free
neutron experiments or to the exclusion zone adapted from Borexino data. Indeed, nuclear

dark decays directly probe the mass mixing mechanism, whereas the other experiments
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relied on the detection of a specific v ray or eTe™ pair which may simply be unavailable
channels. In the last chapter, we have discussed a possible way to probe this mechanism
for the entire range of m, using the "C nucleus. A dark decay in this isotope could
be evidenced thanks to the different lifetimes of all the fn channels. An experiment
using a low energy '"C beam could be carried out at a facility such as FRIB. Using an
experimental setup similar to the one presented in this thesis could further constrain the

mass mixing parameter in the entire mass range.

Finally, the situation could also be clarified in the near future thanks to all the forth-
coming experiments designed to measure the neutron lifetime with a better level of preci-
sion. The various methods discussed in this thesis should provide complementary results
and possibly resolve the lifetime discrepancy. But, if the discrepancy remains, then this

would strengthen the possibility that new neutron physics is indeed at work.
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Compilation of A\ measurements
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FIGURE A.1 — Values of |\| used by the PDG to compute their weighted average.
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Appendix B

Calculation of I',_,, 4

Achieving a decay rate equation alone can be very hard, especially for experimentalists.
At least it was for me. Here, we provide a relatively detailed step-by-step description
on how to compute the decay rate for the n — x¢ decay, as given in [76, 78]. This
demonstration requires knowledge of underlying concepts such as relativistic kinematics
or how to use Feynman rules. These topics have been addressed in many particle physics
textbooks such as Griffith’s, Thomson’s, Pal’s, and others. Hence, all objects used will
be briefly presented and the reader is advised to go through any of these books for more
details.

Useful expressions and identities

General decay rate formula

This equation was already discussed in the last chapter of this manuscript. It expresses
the differential decay rate dI' of any decay process like :

(2m)* 2

dl' = ——|M|"d®,, B.1

M| (B.1)
where M is the mass of the decaying body, M is the Lorentz-invariant matrix element
and d®,, is the n-body phase space factor. The matrix element, also called the decay
amplitude, contains the fundamental description of the process. On the other hand,
phase space is concerned with kinematics and its calculation depends on the number n of
particles in the final state.

Integration over the 2-body phase space

The demonstration on how to integrate the phase space factor for any decay with 2
particles in the final state can be found in any of the books mentioned above. Using
natural units A = ¢ = 1, the result is :

_ p* 2
dl’ = 392202 |IM|7dS, (B.2)
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where p* is the momentum in the center-of-mass frame of reference and €2 is the solid
angle of the emitted particles. The momentum p* = |p;| = |p2| can be expressed as :

 _ VAL mE,m3)

_ B.3
p i : (B.3)

where \(a, b, c) = a® + b* + ¢ — 2ab — 2ac — 2bc is known as the Kéllen function.

Completeness identities for Dirac spinors

Dirac spinors are mathematical objects that are used in quantum field theory to describe
fermions, such as electrons or quarks. A spinor is a 4 x 1 matrix that incorporates both
the particle and antiparticle spin states and complies with the Dirac equation. If we have
a fermion with momentum p and spin s, described by the spinor u(p, s) or an antifermion
described by the spinor v(p, s), then it can be shown that :

D u(p, s)u(p,s) = p+m, (B.4)

S

Y v(p,s)i'p,s) = p—m, (B.5)

S
where p = +"p, with p the 4-momentum, 7" represents the gamma matrices with p =
0,1,2,3 and @ = u'4° is the adjoint Dirac spinor. Finally, m = mZ, is the mass of the
particle and Zy is the identity matrix. These relations are often referred to as completeness
identities.

Trace identities

Here are some identities that are useful in calculating I';,_ ¢ :

Tr(ryHak2. yFenet) = 0, (B.6)
Trv(Z,) = 4, (B.7)
Tr(dp) = 4ab. (B.8)

The first identity means that the trace of any odd number of gamma matrices is equal to
zZero.

Obtaining the expression for I',,_,,,

We are now ready to do the calculation. First, we recall the effective Lagrangian of the

decay :
A
L= Lfémﬁ*, (B.9)

mp — My
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which is the classical form of a point-like interaction with three fields. Using the Feynman

rules, we can obtain the expression of M from this diagram :

)\¢€ _
M == mx(px’ Sx)n(pr,“ Sn)
Therefore we have : )
2 2 € _ _
=|A _— .
ME = ol (75 ) ]

We now need to compute the spin-averaged matrix element :

IMP = S 3 S Im

Sn Sy

Using the completeness identities and Casimir’s trick we obtain :

W = Pl (=) it )y, )

which in turn gives :

2
) [Pnpy + My .
X

2 2 €
M =2 (-
Defining the 4-vectors as p, = (m,,0) and p, = (E,, p,) we have :

[pnpx + mnmx] = mn[EX + mx]'

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

It can be shown for a 2-body decay in the form A — B + C, that we can express
Ep = (m% — m% + m%)/2m, in the center-of-mass frame. Therefore, we can write :

m2

2 2
n—m¢+mx
E, = :

2m,,

Finally, the spin-averaged matrix element is :

2
9

1+ 2)2 — y¥m2,
) 0 e

n

\MVﬂMF<

(B.16)

(B.17)

where x = m, /m,, and y = my/m,,. Now we can focus on the expression of the momentum

p*. Using the equation in the previous section, we can write :

o _ AV Ims = (my + my)?][m3 — (my — my)?]
p 2mn )
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where the numerator is a factorized form of the Kallen function. Taking out all m,, outside
of the square root and rearranging the different factors inside gives :

my

Pt = 7\/[(1 —2)? = y?J[(1+2)* —9?]. (B.19)

We now have all ingredients and we simply need to perform the remaining integration
over df2. Finally, the decay rate for the decay n — x¢ is :

Al

Ty (e e I G
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Abstract

Francais

L’écart entre les expériences dites du faisceau et de la bouteille mesurant la durée de vie
du neutron libre pourrait étre expliqué en considérant une nouvelle voie de désintégration
du neutron en matiere noire. Une telle décroissance pourrait étre mis en lumiere dans une
sélection de noyaux radioactifs dans lesquels certains neutrons sont tres faiblement liés
au reste de la structure nucléaire. Dans le cas du noyau borroméen *He, une décroissance
en matiere noire d’un des deux neutrons du halo produirait nécessairement les particules
suivantes : *He + n + y. Observer une émission de neutron corrélée a la décroissance de
I’hélium 6 fournirait ainsi une signature claire et unique de création de matiere noire. Un
faisceau intense “Het produit au Grand Accélérateur National d’Tons Lourds (GANIL)
couplé au détecteur de neutron TETRA a permis d’établir une limite supérieure a ’exis-
tence de cette décroissance en matiére noire dans I'hélium 6 a Br, < 4.0 x 107 avec un
degré de confiance de 95%. Cette limite expérimentale a également été traduite en une
contrainte de l'ordre de O(107°) pour la probabilité de décroissance en matiére noire du
neutron libre.

Mots-clés : Anomalie de la durée de vie du neutron ; Décroissance en matiére noire du

neutron ; ‘He ; GANIL ; TETRA

English

Neutron dark decays have been suggested as a solution to the discrepancy between bottle
and beam experiments, providing a dark matter candidate that can be searched for in
halo nuclei. The free neutron in the final state following the decay of *He into “He +n + y
provides an exceptionally clean detection signature when combined with a high-efficiency
neutron detector. Using a high-intensity °He™ beam at the Grand Accélérateur National
d’Tons Lourds (GANIL), a search for a coincident neutron signal resulted in an upper limit
on a dark decay branching ratio of Br, < 4.0 x 107! with a 95% confidence level. Using
the dark neutron decay model proposed originally by Fornal and Grinstein, we translate
this into an upper bound on a dark neutron branching ratio of @(107°), improving over
global constraints by one to several orders of magnitude depending on m,.

Keywords : Neutron lifetime discrepancy ; Neutron dark decay ; °He ; GANIL ; TETRA
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