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Physics

This thesis describes developments toward the measurement of the angular correlation
between the beta and the antineutrino in the beta decay of °He. This decay is a pure
Gamow-Teller decay which is described in the Standard Model as a purely axial
vector weak interaction. The angular correlation is characterized by the parameter
ag, = —1/3 in the Standard Model. Any deviation from this value would be evidence
for tensor components in the weak interaction and would constitute new physics.

A new method will be used to measure the parameter ag, from °He decays, fea-
turing a magneto-optical trap that will measure the beta particle in coincidence with
the recoiling %Li daughter ion. This neutral atom trapping scheme provides cold,
tightly confined atoms which will reduce systematic uncertainties related to the ini-
tial position of the decay. By knowing the initial position of the decay and measuring
the time of flight of the recoiling °Li daughter ion in coincidence with the beta, the
angular correlation between the beta and the antineutrino can be deduced. We aim
to measure ag, first to the level of 1%, and eventually to the 0.1% level, which would
represent an order of magnitude improvement in precision over past experiments.

Towards this goal, we have designed, built, and successfully tested a liquid lithium
target to provide > 2 x 10'° SHe atoms/s to a low-background environment, which

is the most intense source of ®He presently available. This allowed for an additional



measurement of the He half-life (806.89 + O.llsmtfgﬁgsyst ms) to be made with un-
precedented precision, resolving discrepancies in past measurements. We have also
tested our trapping and detection apparatus and have begun to record preliminary

coincidence events.
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Chapter 1

Introduction

1.1 The History of beta decay

In 1899 Rutherford followed Becquerel’s investigations of radiation emitted from ura-
nium, which Becquerel discovered when a photographic plate was accidentally exposed
in the presence of uranium. Rutherford’s studies led to the coining of two kinds of

7

“rays.” Alpha rays could be easily stopped and would not expose the photographic
plate if the plate was wrapped in paper. Beta rays were much more penetrating and
could go through considerable thicknesses of metal and other materials. In 1900 Bec-
querel was able to measure the charge-to-mass ratio of the beta rays by means of a
magnetic field and determined that they were in fact electrons [1].

Curiously, the beta rays were measured to be emitted over a wide energy range,
in contrast to previous observations with alpha and gamma rays whose energies were
equal to the differences between the initial and final nuclear energy states. This ap-
parent violation of the conservation of energy was a source of considerable controversy
within the physics community. Bohr concluded that the dearly held energy conserva-
tion law may only be true in the statistical sense, but may be violated in individual

decays. Calorimetry measurements made by Ellis and Wooster in 1927 [2] confirmed

that the spectrum was truly continuous and that the previous measurements were



not simply an error due to the betas losing energy elsewhere, as was suggested by
Rutherford and others.

The situation was made hairier due to the fact that angular momentum was also
apparently violated in these decays, since the 1/2 integer spin carried away by the beta
did not match the integer changes in angular momentum observed in nuclei. It wasn’t
until 1930 that Pauli solved both of these problems by suggesting a neutral, spin 1/2,
highly penetrating, nearly or perhaps entirely massless particle is also involved in
beta decays, which he called a neutron. Two years later, Chadwick discovered what
we now call a neutron [3], prompting Fermi to suggest Pauli rename his particle to
a neutrino. While this proposal set off a chain reaction of theoretical development,
it would not be until 1956 before Cowan and Reines directly detected the neutrino

experimentally [4].

1.2 The Fermi Model

After Pauli’s suggestions, Fermi began to formulate this four-particle interaction fol-
lowing Dirac’s recent developments in quantum electrodynamics. He imagined a point
contact, four fermion vector-vector interaction in analogy with the vector interaction

describing the electromagnetic interaction (see Figure 1.1).

Gr, - _
Lg= 7;(%7“%)(%%%) + h.c. (1.1)

The interaction is composed of currents of hadrons and leptons mediated by a ~*
vector operator, where 7, is one of the Dirac matrices. This warrants comparison

with the electromagnetic interaction which inspired Fermi’s formulation.

Ley = e(&pV”%)Au (1.2)

The differences here are small. There is a change in the coupling strength from e to

%, and instead of a gauge boson A, there is an additional vector current zﬁevuv,by.



Y

Figure 1.1: Electromagnetic interaction (left) compared with Fermi’s model of beta decay

(right).

Fermi used perturbation theory under the assumption that this new interaction was
weak to derive a differential decay rate which would govern 5 decay (given in natural
units):
Gt 2 2
P(E.)dE, = W|Mﬂ| F(Z,E.)E.(Ey — E.)*\/E? — m2dFE, (1.3)
T
where F, is the 8 energy, Ej is the endpoint energy, F(Z, E.) is the Fermi function

which accounts for the electrical interaction between the charged (§ particle and the

daughter nucleus that distorts the energy spectrum, and can be written as follows [5]:

P(2.E) = Jas) g 271 (S = 1 = i) (1.4)
where S = /1 — (aZ)?, p = R/(h/mcc), n = +Ze*E,./hc*p., Z is the charge of the
daughter nucleus, R is the nuclear charge radius, and « is the fine structure constant.
G is the Fermi coupling constant which characterizes the strength of the interaction,
and My, is the matrix element for the decay.

Fermi’s intuitive description has stood the test of time with few amendments. By
the time Fermi had published his theory, Pauli had shown that there could be at most

five interaction forms that could satisfy Lorentz invariance: Scalar (S), Pseudoscalar

(P), Vector (V), Axial Vector (A), and Tensor (T) (see Table 1.1).



Type Operator Parity
Scalar, S 1 +

Pseudoscalar, P Y5 —
Vector, V Vu -

Axial Vector, A VY5 +
Tensor, T VY — WY | N/A

Table 1.1: All possible Lorentz-invariant operators

While in general it cannot be said that there are no pseudoscalar contributions to
the weak interaction, or even that the coupling strength is small, it can be shown that
these possible contributions vanish in the nonrelativistic limit present for beta decay,
where the typical energies (MeV) are much smaller than the mass of the nucleons
(GeV). Gamow and Teller went on to show that the possible operators involved in
the weak interaction generate specific nuclear spin selection rules in the low-energy
case of nuclear beta decay. The Scalar and Vector operators cannot change the spin
of the nucleus, and so for these interactions, AJ = 0. These are the so-called Fermi
decays, named so due to his intuitions about the vector form of the interaction. The
Tensor and Axial Vector operators have their own rules, AJ = 0, &1 except for the
0 — 0 case, which is only allowed for Fermi decays. These decays are named Gamow-

Teller decays, and it is these decays about which this thesis is concerned.

1.3 Beyond the Fermi Model

At this time, there wasn’t enough experimental evidence to eliminate Axial Vector,
Scalar, or Tensor interactions from the Hamiltonian, and so in general they needed

to be added. Furthermore, the implicit assumption that the weak interaction, like



the strong interaction and the electromagnetic interaction before it, was parity con-
serving came into question in the 1950s when Lee and Yang surveyed the existing
experiments and found that parity had never been tested to be conserved in the weak
interaction [6]. They suggested a set of experiments which could test this property.
One such experiment was carried out by Wu and collaborators [7] by measuring the
beta asymmetry in the decay of spin-polarized °°Co, which confirmed the presence of
parity violations when it was discovered that the direction of beta emission tended to
be opposite the direction of the spin of the nucleus. While the momentum vector pj
would reverse under a parity transformation, the spin of the nucleus jsoco would not.
This result was quickly followed up by a similar experiment measuring the beta asym-

metry in the decay chain of 7% — p* — e*.

Thus, the weak interaction is unique
among the fundamental forces in that it discriminates between the left-handedness

and right-handedness of the involved particles.

Including all parity conserving and violating interaction terms, we can write out

the most general form of the Hamiltonian

Hine = (Upthn)(Csthethy + Cshesty)
(" 9n) (Cveyuth + Crberuistdn)
b0 (Crleas + Ot
— (Y Un) (Catheyu 5ty + Clhtbevuthy)

+ (7" Un) (Crvbersthy + Cptbetdy) + h.c. (1.5)

The parity violating experiments were not just consistent with parity violation,
but with maximum parity violation. If we assume that the couplings C' and C” are

the same we can see the source of this parity violation by rewriting the Hamiltonian



in the following way

Hine = Cs(thpthn) (We(1 +75)10)
+ Ov (7" tn) Weru(L +75)¢00)
L0000 (o1 +5)04)
— Ca(®pr"7°¥n) Weru1s(1 +75)10)
+ Cp(p7°tn) (Wers(1 +75)1hy) + hec.

Under the convention that 5 = iyyy17273, the operator P, = w can be shown to

project only the left-handed chirality states of the Dirac spinor of the neutrino, and
so parity is maximally violated in the weak interaction when C' = C’. It can further
be shown that P} = Py, so that introducing any number of 1 + 75 operators into
the lepton current should only change the current by a multiplicative constant to be

absorbed by redefinition of C' and C’. The 75 matrix anticommutes with all other

7, matrices, such that %% = v, P = Lﬁm = Pgv,. In addition, the Dirac

L

v

we can also write ¥, P, = iy Pp P, = ¥ PryoPri, = YFE. The example just

spinor is defined such that ¢ = 1!y,. Therefore, just as we can write P, =

used is precisely the form of the scalar current, implying that scalar currents couple
opposing chirality states between the electron and the neutrino. A similar line of
reasoning will show that this is true for tensor currents as well, while vector, axial
vector, and pseudoscalar currents all couple the same chirality states for the electron
and the neutrino. This will have consequences when discussing angular correlations

in beta decay.

Ignoring the pseudoscalar currents in the non-relativistic regime of beta decay, we
can separate the Hamiltonian into two general forms according to how they couple

to chirality states of the leptons: a vector and axial vector Hamiltonian, and a scalar



and tensor Hamiltonian

Hine = > (1h,00)((Ci + CHYLOY +

i=V,A

(Ci = C)ib O)) (1.6)

Hine = Z (Qﬁpquﬂn)((CZ + C{)&fquﬂf +

i=S,T

(Ci = CHbe Oy) (1.7)

1.4 The Standard Model

An early experiment in 1955 studying the beta decay of He by measuring the coinci-
dence rate between recoil ions and betas of a selected energy as a function of the angle
between the particles found that the interaction was mediated purely by tensor cur-
rents [8]. However this experiment was later shown to be prone to systematic effects
which reversed the result to being purely axial vector. After a number of followup
experiments studying the decays of He, 2Ne, and 3°Ar [9, 10, 11], a picture began
to emerge of a weak interaction which is of a purely axial vector and vector form.
The modern view of the weak interaction in the Standard Model is one which is
mediated purely by left-handed gauge bosons (Eqn. 1.6). Unlike the electromagetic
interaction, which is mediated by one massless boson which we call the photon, the
weak interaction is mediated by three: two charged bosons, the W*, whose masses are
approximately 80 GeV/c?, and one neutral boson, the Z, whose mass is approximately
91 GeV/c? Tt is due to the large masses of these mediators that the interaction
governing [ decay is so weak, as the range of a force is inversely proportional to the
mass of the mediator (R o< 1/My,), and coupling strength is inversely proportional to
the square of this mass(Gr o< 1/MZ,). In the case of electromagnetism, the massless
photon results in an infinitely long range force, while the weak interaction is limited

to ranges of ~ 1072 fm. This extremely short range, coupled with the relatively low



Figure 1.2: In the low energy limit of beta decay, the short range of the W+ boson behaves

the same as Fermi’s contact interaction.

energies involved in [ decay which result in slow-moving nuclei, means that the more
complete Feynman diagram describing the interaction can be reduced to a point-like
interaction which explains the remarkable success Fermi achieved using this model
(see Figure 1.2).

In equations 1.6 and 1.7, the coefficients C; and C! represent the relative ampli-
tudes of each interaction, and C' and C’ can be different from each other depending
on parity. In general these coefficients can be complex. Under maximum parity vio-
lation, however, their magnitudes are equal. Reference [12] gives a treament of these
coefficients and shows that in the Standard Model, these coefficients resolve to two
real coefficients, Cy = C’y and Cy = Cf,. All other terms are zero.

These coupling constants must ultimately be determined by experiment and can-
not be determined from theory. From the experimental literature, limits have been
placed on each of the coupling constant ratios (see Table 1.2) [13].

Jackson, Treiman, and Wyld [14] connected these coefficients to observables in the
differential beta decay rate, which for an unpolarized nucleus is given as follows

ar
dE3d$23dS2,

+ bFierz Frl

Pe - Pv Mme
F(Z.E3)p.E.(Ey— E) (1 5
x P2 BB~ B (14 00,22 4 )

(1.8)



—1.272 < Cy/Cy < —1.265
—0.064 < Cs/Cy < 0.066
—0.064 < C4/Cy < 0.065
—0.077 < Cr/C4 < 0.086
—0.077 < C/Cx < 0.087

Table 1.2: Experimental limits on coupling constant ratios from Ref. [13].

where m, is the mass of the 3, E. its energy, p. its momentum, Fj, the f—endpoint,
p, and E, the momentum and energy of the antineutrino, respectively, and F(Z, Ep)
is again the Fermi function for the nucleus of interest. The Fierz interference term,
brierz, accounts for the interference between axial-vector and tensor couplings when
squaring the matrix element M. The term ag, is the angular correlation coefficient
between the beta and the antineutrino, and its determination is the focus of this
thesis. According to Jackson, Treiman, and Wyld, this coefficient can be written in

the form of the C; and C7 coefficients for a pure Gamow-Teller decay:

L (1Cr? +1Cp P — |Cal® = |C4I7
dpy = 3 2 12 2 112 (1.9)
3\Cr? +1Cp? + [Cal? + [T
which under the assumption that |C;| = |C}| reduces to
1 (1Ca]” - |CT|2)
v=—=\| == 1.10
Gr =73 (|(JA|2 +|Crf? (1.10)

In the Standard Model, of these two coefficients only C'y ~ —1.27 is non-zero,
yielding ag, = —1/3. Therefore the presence of any tensor currents will make the
true value of ag, deviate from this result in the positive direction. This result can
also be understood from simple helicity arguments. Consider an example consistent
with the Standard Model of a pure Fermi decay, ¢.e. with the change of the nuclear spin

AM = 0. In this case, to conserve angular momentum the beta and the antineutrino
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must have their spins anti-aligned in the final state, as each of these leptons has
J = 1/2. Both leptons are left-handed chirally, but the beta is a particle and the
antineutrino is an antiparticle. This means that in the limit of high energy, the helicity
of the beta will tend to be negative, such that its spin along an axis of quantization
tends to point opposite its motion. The helicity of a left-handed antiparticle, such
as the antineutrino, will tend to be positive in the limit of high energy. Since the
antineutrino is essentially massless, we can take its helicity to be positive. If we take
the direction of the antineutrino to be the quantization axis +z, then the spin of the
antineutrino will also be in the +z direction. From elementary quantum mechanics
it is known that if a particle has its spin aligned opposite with its motion and is
emitted at some angle 6 relative to the quantization axis, then the probability that
you will measure the spin to be in the 4z direction is equal to sin®§/2. Likewise, the
probability of measuring it with spin in the —z direction is cos® /2. However, this
assumes that the particles spin is always in the opposite direction of its motion. For
massive particles, such as the 3, the helicity is velocity dependent, since an observer
who measures a positive helicity for a particle could boost past that particle and
suddenly see a negative helicity. The probability of measuring the spin of the § to
be opposite the direction of the spin of the antineutrino must therefore incorporate
the probability of having a positive or negative helicity. This probability is for left-
handed particles proportional to 1 — p/E for positive helicities, and 1 + p/E for
negative helicities. Incorporating both probabilities yields the total probability of a
[ emitted at an angle 6 being measured to have its spin opposite the direction of the
antineutrino, and therefore satisfying the non-spin-flip condition AM = 0, which can

be written as

(1—1—%)@82«9/24—(1—%)sin29/2:1+%cosﬁ (1.11)

€ € €

which is equivalent to
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P. Py
14+ 2.2 1.12
t 5 E (1.12)

These same arguments can be applied to the case where a nucleon does flip its
spin, requiring the two leptons to carry off 1 unit of angular momentum. In this case
the resulting probability is given by

P. P

1- =22 1.13
5B (1.13)

As mentioned, equation 1.12 is applicable to pure Fermi decays. From this we can
see that ag, = +1 for these decays. However, in this thesis we are interested in pure
Gamow-Teller decays, and in particular the decay of ®He. Here AJ = 1, such that the
two leptons are in a triplet state after emission since AM = —1,0, 1. In this case there
are two transitions which flip the spin of a nucleon, and one that does not flip the
spin. Because each of these transitions is equally populated, the angular correlation
is the average of these cases, resulting in ag, = —1/3 for pure Gamow-Teller decays.

Each of these arguments were presented under the assumption that we are deal-
ing with left-handed leptons, consistent with the Standard Model. However, equa-
tion 1.7 demonstrates that scalar and tensor interactions couple opposite chirality
states. Therefore all of these helicity arguments invert, such that for purely scalar
interactions, ag, = —1, and for purely tensor interactions, ag, = +1/3. We therefore
have an observable handle on whether or not interactions outside the Standard Model
contribute to weak decays.

Experimentally, bpier, (see Eq. 1.8) has been determined to be consistent with the

Standard Model prediction of 0 [15]:
brier, = —(C's + C%) /Cy = —0.0022(26) (1.14)

however a non-zero Fierz term would also modulate the decay spectrum, and therefore

our observable modulation should more properly be expressed as
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agy
LA 1.15
1 + bFierzrg_e8 ( )

n
12

1.5 Past measurements

Past angular correlation measurements can provide context for understanding the
benefits and challenges different methods introduce, and to motivate our own ex-
perimental methods. Table 1.3 compiles several historical angular correlation mea-
surements. Briefly described here are a few of the most precise angular correlation

measurements for both tensor and scalar currents to date.

Table 1.3: Compilation of several previously measured ag, values listed chronologically.

Year Isotope Decay type Method Trap SM value Value  Error Reference
1963  °He B~, GT  Recoil spectrum  No —5 —0.3308  0.003  [16],[17]
1963  *Ne f~, GT  Recoil spectrum  No —3 -0.33  0.03 [18]
1978 n 6, F/GT  Recoil spectrum No —0.1 —0.1017 0.0051 [19]
1997 '8Ne Bt F ~ Doppler shift  No 1 1.06  0.095  [20]
1999  32Ar fT, F Proton spectrum  No 1 0.9989 0.0065 [21]
2002 n 7, F/GT  Recoil spectrum  Ton' —0.1 —0.1054 0.0055 [22]
2005  3¥mK gt F Recoil TOF? MOT? 1 0.9981 0.0045 (23]
2008  2!Na g+, F/GT Recoil TOF MOT 0.553 0.5502  0.0060 [24]
2011 SHe B, QT Recoil TOF  Ion* ~1 03335 0011  [25
2013 8Li B—, GT a — « energy Ton® —5  —0.3307 0.0090 [26]




13

1.5.1 1963 Oak Ridge experiment with ‘He

In the early 1960s, Johnson et al [16] made a determination of ag, for the pure
Gamow-Teller decay of °He, and to this day remains the most stringent bound of
tensor currents coming from angular correlation measurements®. They produced their
®He using neutrons from the Oak Ridge Research Reactor on 150 g of beryllium
oxide powder via the “Be(n,«)®He reaction. The %He atoms are then swept via
water vapor to a conical decay volume, with the water vapor having been removed
along the way by a series of cold traps. The °Li ions produced by the decays are
collimated through a 1/2 in aperture at the end of the conical volume, where they are
analyzed by magnetic and electrostatic deflectors and finally detected by an electron
multiplier to read the ion energy (see Figure 1.3 left). The shape of the ion energy
spectrum (see Figure 1.3 right) is then used to infer ag,, yielding a 0.9% determination,
and a value of ag, = —0.3343 £ 0.0030. After more than 30 years, this result was
corrected by Gliick [17] to account for radiative corrections, yielding a modified result

of ag, = —0.3308 = 0.0030.

The majority of the uncertainty in this measurement comes from “Random vari-
ations in the spectra”, amounting to 0.5%, and is said to arise from unknown and
unaccounted for systematic variations in the experiment along with statistical uncer-
tainties. Because this experiment measured the energy spectrum, it was also sensitive
to uncertainties particularly at the endpoint. Figure 1.3 (right) shows the high sen-

sitivity of a to uncertainties in the recoil energy at the endpoint. This uncertainty

!quasi-Penning trap
2Time-of-flight
3Magneto-optical trap
4Spherical Paul trap
5Linear Paul trap

6Soon to be published results from an experiment studying angular correlations in the decay of
8Li will have similar or slightly more stringent limits [27].
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Figure 1.3: (left panel) Apparatus used in the 1963 Johnson et al °He decay measurement.
(right panel) Results of the Johnson et al recoil ion energy spectrum measurement (points)
showing consistency with the Standard Model axial vector current (curve). Figures taken

from Ref. [16].

amounted to 0.4%. While this result is remarkable and still sets the bar for a precise
determination of a, modern experimental techniques and improved computational
power for Monte Carlo simulations of the experimental system and particle tracking

provide motivation for improving upon this experiment.

1.5.2 2005 TRINAT experiment with laser-trapped 3*"K

In 2005 the TRIUMF7 neutral atom trap (TRINAT) collaboration published their
limits on scalar interactions in the pure Fermi decay of magneto-optically trapped

38m [23]. The ISAC? facility at TRIUMF in Vancouver, Canada, which provides

"TRI University Meson Facility

8Tsotope Separator and Accelerator
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Figure 1.4: (left panel) Neutral atom trap apparatus used in the 2005 Gorelov et al 3K de-
cay measurement. (right panel) Results of the recoil time-of-flight spectrum measurement
fitted to curves generated by Monte Carlo simulations for three different charge states along
with residuals. Acronyms: MCP means microchannel plate, DSSSD means double-sided

silicon strip detector, and MC mean Monte Carlo generated data. Figures reproduced from

Ref. [23].

BmK and ground state **K atoms through spallation and fragmentation reactions
from a 500 MeV proton beam. Due to the isotopically and isomerically-selective
nature of laser-trapping, the 3*™K atoms could be selectively transported via a two-
stage magneto-optical trap (MOT) to the final detection chamber, well-separated from
the untrapped ground state 3*K atoms which mostly stick to the walls and decay in
the preceding stages. By measuring the time-of-flight (TOF) of the recoiling 38Ar
ions in coincidence with the 57 and fitting the results to Monte Carlo generated TOF
spectra, the angular correlation could be determined. This experiment represents
the first successful determination of a using an atom trap, yielding ag, = 0.9981 +
0.0030441 tg;ggg% syst, consistent with the Standard Model prediction of ag, = 1 for
this 0t — 07 decay.

In this experiment, the 8% is detected using a combination of a double-sided silicon
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strip detector (DSSD) and a scintillator/PMT. The recoil ion is focused and guided
using an electric field provided by six electrostatic hoops whereupon it is detected
using a position-sensitive microchannel plate (MCP) (see Figure 1.4). The cold, well-
localized source that a MOT provides is used along with the TOF and MCP position
to reconstruct the recoil ion momentum. The DSSD provides a measurement of the
BT direction. This is sufficient in this over-determined system to extract the relative
angle of the 8% and v.

Because this experiment relies on comparison with Monte Carlo simulations, it is
critical that systematic effects associated with the uncertainties in the MOT cloud
size, shape, and position are studied carefully. These effects, along with uncertainties
in the electric field uniformity are the leading systematic limitations in the quoted
result. This experiment provides inspiration for the present experiment and validation
of neutral atom trapping as a viable method for angular correlation measurements,
and there are plans to further upgrade this experiment for a 0.1% determination of

ag, for Fermi decays [28].

1.5.3 2006 Fléchard et al experiment using ion-trapped ‘He™

In 2011 the LPCTrap® collaboration published analysis results from a 2006 exper-
iment searching for tensor currents using He [25]. The LIRAT'® beamline at the
GANIL-SPIRAL! coupled cyclotron facility in Caen, France provides °He by bom-
barding a graphite target with a 75 MeV /nucleon beam of *C, where the atoms are
ionized using an ECR!? ion source. After an RF-cooling and bunching stage, the SHe™

ions are injected into a Paul trap. Similarly to the TRINAT group, the researchers

9Laboratoire de Physique Corpusculaire de CAEN
10T jgne d’Tons Radioactifs A Tres basse énergie — Low Energy Radioactive Beamline

1 Grand Accélérateur National d’Ions Lourds — System for Producing Online Accelerated Ra-
dioactive Ions

12Electron Cyclotron Resonance
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Figure 1.5: (left panel) Ion trap apparatus used in the 2006 Fléchard et al He decay
measurement. (right panel) Results of the recoil time-of-flight spectrum measurement fitted

to curves generated by Monte Carlo simulations along with residuals.

determined the angular correlation coefficient by fitting the time-of-flight distribution
of the recoiling °Li™* ions in coincidence with the 3 detected by a DSSD and plastic
scintillator to spectra generated by Monte Carlo simulations. Using this method, the
group reported a measured value of ag, = —0.3335 £ 0.0073ga¢ £ 0.00754y. While
not as precise than the 1963 Oak Ridge experiment, this result is the most precise

determination of ag, in pure Gamow-Teller decays using coincidence measurements.

An ion trap is an attractive choice for trapping, as it generally can be used with
a variety of isotopes. However, ion traps are much hotter and less well-localized than
MOTs are. Also as opposed to MOTs, the ions interact via the Coulomb interaction,
leading to space charge effects. The spatial extent and temperature of the ion cloud
must be carefully understood to reduce systematic errors in such measurements. The
cloud temperature presents the largest systematic uncertainty in this experiment and
combined with the statistics during this run, the precision of this determination was

at the 2% level, however more recent and higher statistics data are currently under
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analysis [29]. Using a MOT would reduce systematic uncertainties associated with

trap size and temperature.

1.6 Limits in the LHC era

In accordance with Equations 1.6 and 1.7, we typically express bounds on tensor and
scalar couplings in terms of Cr+C7. and Cp — C7, which couple entirely to left-handed
and right-handed neutrinos, respectively. Figure 1.6 shows an analysis performed in
Ref. [30] which expresses these limits as a fraction of Cy for selected nuclear beta
decays. For left-handed neutrinos, nuclear beta decay limits are not competitive with
the limits set by radiative pion decays. However, more stringent bounds are present
when including data from neutron decay, which has a strong Gamow-Teller character
even though it isn’t a pure Gamow-Teller decay.

While radiative pion decay dominates the limits for left-handed neutrinos, limits
on right-handed neutrinos are dominated by two experiments: the Johnson et al [16]
as discussed in Section 1.5.1, and the relative longitudinal polarization of positrons
emitted from pure Fermi and pure Gamow-Teller decays, Pr/Pgr in 1O and '°C,
respectively [31].

Collider experiments at the CERN'® LHC' can also probe the weak interaction
for tensor and scalar contributions. However, the signals from these experiments
depend on whether or not the new particles involved in these exotic interactions are
kinematically accessible at the collider energies, i.e, whether the new particles are
too heavy to be produced on-shell. If one assumes that the new interactions remain
point-like at the TeV scale, then model-independent statements can be made using
effective field theories. Under this assumption, direct probes using pp — ev + X

channels can be analyzed by looking for an excess of events at high transverse mass

13Conseil Européen pour la Recherche Nucléaire/European Organization for Nuclear Research

14T arge Hadron Collider
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Figure 1.6: Limits on Cr and C/, from neutron and nuclear beta decays. The contour plots
show the 68%, 90%, and 95% confidence intervals. At the top is a comparison of these limits
overlaid with limits from radiative pion decay for left-handed neutrinos. Figure reproduced

from Ref. [30].

defined as

mr = \/ZE{}E%(I — cos Aoey) (1.16)

where EY¢ is the transverse momentum of the electron/positron, EY is is the missing
transverse momentum of the neutrino, and A¢,, is the angle between the leptons,
where transverse is defined to be perpendicular to the direction of the axis of the
collider beam. Events due to Standard Model processes fall away at high mr relative
to exotic tensor and scalar interactions, so setting a large transverse mass threshold
myr allows for a removal of Standard Model backgrounds (see Figure 1.7). A recent

analysis published by the CMS collaboration places bounds on new couplings. Shown
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Experiment | Reference | |er|,|ér]
LHC-7 | CMS [33] | 2.9 x 1073
LHC-8 Projection | 2.2 x 1073

Table 1.4: CMS analysis of LHC bounds (first row) and projected bounds (second row) on

ler| and |ép| at the 90% confidence level.

in Figure 1.8 is the CMS data used in the analysis. For a given number of expected
background (Standard Model) events compared with the number of actually observed
events, the limits in Table 1.4 were achieved. These values are given in terms of the

parameters used in Reference [32], and are related to Cr and C% in the following way:

gr

Cr + C ‘

—— | = |8—¢ 1.17
‘ Ca ga (L17)
CT_O/T ‘ ar .

——| = |8—¢€ 1.18
‘ Ca ga (1.18)

where |gr| =~ 1 and |g4| =~ 1.26.

Assuming the new physics does indeed occur above the TeV energy scale, the limits
from existing LHC data on tensor couplings are on the 1073 order, which poses a large
challenge for competition coming from low-energy beta decay experiments involving
angular correlations. However, beta decay experiments do not make any assumptions
about the new physics being above a particular energy scale, and therefore have
the advantage of being entirely model-independent even if the limits obtained from
such experiments are not as stringent if the high-energy assumption is permitted.
Therefore these two approaches should be seen as complementary with each other.
Figure 1.9 overlays the present limits shown in Figure 1.6 with the limits achieved by
the LHC [32] and the limits achieved by Johnson et al which constrain the Cr — C7
space, as well as indicating the hypothetical limits which we expect to obtain by

making a 0.1% measurement of ag, assuming no deviation from the Standard Model.
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Figure 1.7: Cross-sections as a function of the transverse mass threshold M as defined in
the formalism of Ref [32] for /s = 7 TeV. A comparison between op and oy shows the
relative cross-section enhancement for tensor (and scalar) couplings compared with standard
model predictions (o) at high M. oR, os, and owr, are described in Ref. [32], from which

this figure was reproduced, and represent new physics outside the scope of this thesis.

1.7 The present experiment

The experiment we are preparing to perform has many similarities to some of the past
experiments described in Section 1.5. In particular, the as-mentioned TRINAT group
at TRIUMF has used a double-magneto optical trap (MOT) setup for studying scalar
interactions in the beta decay of **™K [23]. The attractive qualities of a MOT, which

can provide a cold, pure, backing-free source of radioactivity has led us to also use
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Figure 1.8: CMS data from pp — er + X channels. The red line indicates the predicted
events as a function of the tranverse mass distribution due to electron decays from a new
heavy gauge boson W’. No significant excess of events above the standard model expectation

(background prediction) was found. Figure reproduced from Ref. [33].

a double-MOT setup. Each MOT chamber is optimized for different characteristics.
Focusing on the second chamber, we find the beta telescope back-to-back with the
recoil ion detector. The beta telescope consists of a multiwire proportional chamber
(MWPC) acting as the AE detector as well as measuring the beta’s position, and
a plastic scintillator to measure the total energy of the beta. The recoil ions are
accelerated towards a position sensitive microchannel plate (MCP) ion detector by a

uniform electric field generated by an array of stainless steel electrodes (see Section 5.4
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Figure 1.9: (left panel) Limits on Cr and C} from nuclear beta decay overlayed with
LHC data and the Johnson et al limits. (right panel) LHC limits overlayed with with our

proposed 0.1% limits on ag, using 6He.

for a detailed description).

As we are interested in the angular-correlation of the beta and antineutrino, it
is useful to understand what we are required to measure. To get a complete pic-
ture of the kinematics of this decay, we would need to know nine parameters, three
for each component of momentum of three different particles. However, momentum
conservation reduces this number to six, as any three components can be kinemat-
ically deduced if the others are known. Energy conservation restricts an additional
parameter, leaving five free parameters which must be measured if one is interested
in the relative angle of the particles upon emission. In our experiment, we measure
six parameters, and therefore our system is over-determined.

The beta telescope defines the initial beta direction as well as starting the time of
flight clock. The MCP defines the recoil ion final position and stops the time of flight

clock, which when combined is sufficient to determine the recoil ion’s initial momen-
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tum. This experiment is therefore well-suited to measuring the angular correlation of

the beta and the antineutrino and the search for tensor-type interactions.

1.8 °He as a candidate nucleus

The choice of ®He as the nucleus of choice is made easy as it is the only case of
a pure Gamow-Teller decay [34] and is thus uniquely sensitive to tensor couplings.
The atomic and nuclear structures of “He are simple and calculable which allows for
easier comparison with theory and are not expected to contribute to uncertainties
at our proposed level of precision. The half-life of ®He of approximately 800 ms [35]
allows sufficient time to cool, trap, and manipulate the atoms before decay. The beta
endpoint energy of 3.508 MeV and low mass of the daughter °Li ion (see decay scheme
in Fig. 1.10) causes the recoil 