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Abstract

Both components of the transverse polarization of electrons (σT1
, σT2

) emitted in the

β-decay of polarized, free neutrons have been measured. The T-odd, P-odd correla-

tion coefficient quantifying σT2
, perpendicular to the decay plane defined by neutron

polarization and electron momentum, was found to be R = 0.004±0.012±0.005. This

value is consistent with Time Reversal Invariance, and significantly improves limits on

the relative strength of imaginary scalar couplings in the weak interaction. The value

obtained for the correlation coefficient associated with σT1
, contained within the decay

plane, N = 0.067 ± 0.011 ± 0.004, agrees with the effect induced by Coulomb inter-

action in the final state calculated within the Standard Model framework, providing

an important sensitivity test of the applied apparatus. A detailed discussion of the

experimental setup, data analysis as well as the systematic errors is also presented.





Abstract

W pracy zaprezentowano wyniki pomiaru obu sk ladowych poprzecznych polaryzacji

elektronów (σT1
, σT2

) wyemitowanych w rozpadzie beta spolaryzowanych neutronów

swobodnych. Zmierzona wartość wspó lczynnika korelacji określaja̧cego wielkość

sk ladowej σT2
, prostopad lej do p laszczyzny rozpadu, zdefiniowanej przez wektory po-

larizacji neutronu oraz pȩdu elektronu, wynosi R = 0.004 ± 0.012 ± 0.005. Wynik

ten jest zgodny z zachowaniem symetrii wzglȩdem odwrócenia kierunku czasu i w

sposób istotny poprawia ograniczenia na wzglȩdny udzia l urojonych czȩści sta lych

sprzȩżeń skalarnych w oddzia lywaniu s labym. Otrzymana wartość wspó lczynnika

korelacji stowarzyszonego ze sk ladowa̧ σT1
, leża̧ca̧ w p laszczyźnie rozpadu, N =

0.067±0.011±0.004, jest zgodna z wyliczonym na bazie Modelu Standardowego efek-

tem oddzia lywania w stanie końcowym pomiedzy protonem i elektronem, stanowia̧c

ważny test czu lości użytej aparatury eksperymentalnej. Przedstawiono szczegó lowa̧

dyskusje uk ladu eksperymentalnego, analizy danych oraz otrzymanych b lȩdów sys-

tematycznych.
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Chapter 1

Introduction

Despite a great success of the Standard Model (SM) of elementary particles and their

interactions, there is a common agreement between physicists that it can not be re-

garded as a complete theory. Serious problems are of theoretical and of experimental

nature.

It is a general expectation that the new theory should explain the symmetry struc-

ture of weak and strong interactions, reduce the minimal set of parameters needed to

fully describe the Universe and solve some of embarrassing fine-tuning problems. The

current SM picture of elementary particles, with three families of quarks and leptons,

suggests a new underlying substructure, just like regularities in the Mendeleev table

of elements found their explanation in the existence of protons, neutrons and elec-

trons, and like the subsequent discoveries of further particles, at first thought to be

elementary, grouped in multiplets of mesons and baryons, ended up in the concept of

quarks.

From the experimental side, recent discovery of the neutrino oscillations [1, 2, 3], an

obvious effect beyond the SM, enforces modifications which are, however, considered

to be rather straightforward extension of the present SM formalism [4]. This is not

the case for other observations, clearly beyond the SM: the dominance of dark matter

[5, 6] and dark energy [7] in the Universe, and the long standing problem of baryon

asymmetry of the Universe.

From the point of view of this work the last observation is of special interest. Fol-

lowing Sakharov [8], the transition from a perfectly symmetric initial state at the very

beginning of Big Bang to the present matter-antimatter asymmetric state requires,

beside the violation of baryon number, departure from thermal equilibrium and the

violation of the combined charge conjugation and parity symmetry (CP). The SM

with the Cabbibo-Kobayashi-Maskawa (CKM) mixing scheme [9, 10] accounts for CP

violation discovered in kaon [11] and B-meson [12, 13] systems. However, the effects

5



6 CHAPTER 1. INTRODUCTION

generated by this mechanism during baryogenesis are by at least 7 orders of magnitude

too small to explain the observed dominance of matter in the present Universe [14].

Second potentially CP-violating mechanism is connected with the, so called, “θ-term”

present in the quantum chromo-dynamics Lagrangian of strong interaction [15]. The

existence of this term, however, is known to generate sizable electric dipole moment

of the neutron (dn) and thus is very strongly suppressed by experiment. From the

theory point of view the θ-angle could take any value between 0 and 2π, whereas the

dn measurements constrain it to the order below 10−9. Such perfect cancellation of

this parameter belongs to the mentioned above fine-tuning problems of the SM and is

referred to as: “strong CP-problem” [16, 17, 18].

The collected evidence indicates that the knowledge of physics of CP violation

within the SM is incomplete. The situation is even more spectacular when one realizes

that CP violation is equivalent to the time reversal symmetry violation (TRV). This

equivalence relies on the “CPT-theorem” [19, 20], one of the most fundamental rules in

physics, automatically preserved in all conventional field theories. Many experiments

have been performed, and are underway, with the motivation to search for new sources

of CP and time reversal symmetry violation. Paradoxically, experiments in the high

energy domain, where the direct TRV indeed has been found [21], face one fundamental

problem. Sizable contribution of heavy quarks can interfere in the dynamics of the

observed process and makes the distinction between the new physics and the SM

induced effects difficult.

As the heavy quark content in nuclear matter is a second order contribution, the

nuclear beta decay experiments are practically free from this hindrance and the decay

of free neutron plays a particular role in this field: due to its simplicity it is free

from model dependent corrections associated with the nuclear and atomic structure.

Moreover, the final-state interaction induced effects, which can mimic T violation, are

small in this case and can be calculated with relative precision better than 1% [22, 23].

There is no doubts that the discovery of new CP- or T-violating phenomena in such a

system would be an important milestone.

Searches for time-reversal violation with free neutron as a laboratory concentrate

around two different kinds of observables. The most precise are, mentioned above,

measurements of the electric dipole moment of the neutron, which is sensitive to the

CP-violating θ-term in the QCD Lagrangian. Despite their impressive accuracy one is

only able to set an upper bound (2.9 × 10−26e cm [24]) and not to determine its finite

value. Obtained limitations are still far from the SM predictions (≈ 10−34e cm [25])

leaving room for new physics searches.

More than 50 years ago it has been recognized that TRV may be tested also in

various correlations accessible in nuclear or particles’ decays [26]. In neutron β-decay,
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up to recently only one of them was investigated. It was the D coefficient, sensitive to

the relative strength and to the phase angle different from 0 or π between the vector

and axial vector couplings of the weak interaction. D describes the angular correlation

between the electron and antineutrino momenta and the neutron spin. The results

of performed measurements reached remarkable precision of 10−3 and, to date, are

consistent with the Standard Model and time reversal conservation [27, 28, 29].

In the following we report on the first experiment searching for the real and imag-

inary parts of scalar and tensor couplings via a measurement of N and R correlation

coefficients associated with the transverse polarization components of electrons emitted

in the decay of free neutrons. There exists very few measurements of these observables

in general [30, 31] and only two in nuclear beta decays [32, 33]. One of them, for the
8Li system [33], provides the most stringent limit on tensor coupling constants of the

weak interaction.

According to [26], the electron distribution function for the experiment, in which

decaying neutrons are oriented and measured are the electron energy, momentum and

polarization (E,p, σ), is proportional to (see also Sec. 2.3):

W (J, σ̂, E,p) ∝ 1 + b
m

E
+

p

E
·
(

A
J

J
+G σ̂

)

+

+
J

J
·
(

Q
p

E

p · σ̂
E +m

+Nσ̂ +R
p× σ̂

E

)

, (1.1)

where J is the neutron spin, σ̂ is a unit vector onto which the electron polarization is

being projected, m is the electron mass and A is the beta decay asymmetry parameter.

N and R are correlation coefficients which, for neutron decay with the SM assumptions

CV =C ′
V = 1, CA =C ′

A =λ≈−1.27, and allowing for a small admixture of scalar and

tensor couplings CS, CT , C ′
S, C ′

T , can be expressed as:

N = −0.218 ·ℜ(S) + 0.335 ·ℜ(T ) − m

E
·A, (1.2)

R = −0.218 ·ℑ(S) + 0.335 ·ℑ(T ) − α
m

p
·A, (1.3)

where S, T are the relative strengths of scalar and tensor interactions normalized to

the dominant vector and axial vector couplings, respectively. Both N and R corre-

lation coefficients vanish to the lowest order within the SM. Including the final state

interactions (last term in Eqs. (1.2) and (1.3)) they become different from zero. How-

ever, since for the R correlation the obtained correction scales with the fine structure

constant, α, the value of Rfsi ≈ 0.0006 corresponding to the average momentum of

electrons from neutron decay, is still far below the sensitivity of the present experi-

ment. Thus any finite measured value of R would provide a hint for the existence of

exotic couplings, and for a new source of TRV.
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Applying a combination of several nonconventional experimental techniques and

Mott polarimetry to electrons originating from highly polarized, intense cold neutron

beam, both transverse components of the electron polarization can be measured si-

multaneously:

• σT2
perpendicular to the decay plane spanned by neutron spin and electron

momentum, represented by R correlation coefficient, and

• σT1
contained in the decay plane and associated with the N correlation.

Since the final state interaction induced value of N is finite, but unlike the Rfsi, well

within the reach of the present experiment (Nfsi ≈ 0.068), its determination provides

an important sensitivity test of the experimental apparatus.

Beside a general interest in time reversal violation as a probe for the physics beyond

the Standard Model, the challenge of measuring completely new observable and enter-

ing the Terra Incognita in the field of weak interaction, was an important motivation

of this project.

The work is organized as follows. Chapter 2 presents the basic properties of neutron

and their link to the general formalism used in the description of the neutron β-decay.

It also introduces the angular correlations in β-decay and their expression with the

Standard Model parameters as well as with the parameters of some Standard Model

extensions. The principle of the measurement, the most important aspects of the

experimental setup, the description of the applied detectors and of the data acquisition

system are presented in Chapter 3. Chapter 4 presents details of the data reduction and

analysis, background subtraction, describes the methods used to deduce the average

beam polarization and both correlation coefficients, and contains the discussion of

systematic effects. The obtained results and their impact on the general theory and on

selected Standard Model extensions are presented in Chapter 5. Conclusions together

with a short outlook for the possibility of future improvements of this measurement

are given in Chapter 6.

A part of the results presented in this work has already been published [34, 35, 36,

37] or is submitted for publication [38, 39].



Chapter 2

Physics of free neutrons

Discovered by James Chadwick in 1932, together with their almost equally abundant in

Earth’s crust isospin companions protons, neutrons account for the vast majority of the

rest mass accessible for man in his everyday life. Neutron net charge is equal to 0, spin

1/2, and its mass, 939.565 MeV/c2, is slightly higher than that of proton. Confined

in nuclei neutrons can be considered as quite stable, but as a free particle they decay

with life time of about 886 s into a proton, an electron and an electron antineutrino,

releasing 782 keV kinetic energy. This practically eliminates free neutrons from the

environment and together with difficulties connected with their production, storage

and detection, explains why some of their, even very basic properties, are so poorly

known.

Free neutrons can be produced in nature in spontaneous decays of some unstable

nuclei or in three kinds of man-made installations: sources based on high energy pho-

ton scattering, nuclear reactors or spallation targets installed at high energy particle

accelerators. The number of neutron sources driven by nuclear reactors and parti-

cle accelerators, available for researches all over the world, steadily grows in the last

decades, reflecting increasing interest in the neutron as a versatile tool and a research

laboratory not only in fundamental physics.

Perhaps the strongest motivation of this growth can be attributed to unique prop-

erties of very slow neutrons. At very small energy, having large de Broglie wavelength,

neutrons interact coherently with a large number of nuclei. Such neutrons are “not

aware” of individual atoms or nuclei, but sense effective potential of the surrounding

medium. For some materials, like nickel or diamond-like carbon coated (DLC) quartz,

this potential is positive with respect to the vacuum, and forms a potential barrier

for neutrons encountering a vacuum-medium boundary1. This allows to build a wall

reflecting very slow neutrons at all incoming angles and, minimizing the probability

1 Height of this barrier can be as large as about 300 neV.

9
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of neutron capture in the trap walls, to construct the neutron traps able to store

them almost without loses, such that the storage time is almost equal to the their life

time. The material-specific maximal neutron energy, for which this mechanism ap-

plies, defines the upper energy range of, so called, “ultra cold neutrons” (UCN) [40],

unique quantum mechanical objects interacting via all known forces, including easily

observable gravitational effects, on similar energy scale.

The energy of neutrons used in the presented here experiment was about four

orders of magnitude above the UCN limit (between 1 and 10 meV), corresponding

to the, so called, “cold neutron” regime (CN). Nevertheless, the coherent scattering

also in this energy range facilitates the experimental work with neutrons, allowing for

almost loss-less transport of intense neutron beams using Bragg reflection at small

angles from multilayer metallic structures.

2.1 Basic properties of the neutron

In the SM description neutron is a member of baryon flavor octet, built of one u- and

two d-quarks arranged in a completely antisymmetric SU(3) color singlet state

n↑ =
ǫijk√

18
[di↑uj↓ − di↓uj↑]dk↑. (2.1)

Its neutrality has been verified experimentally with respectable precision in the

neutron beam deflection experiments [41]:

qn = (−0.4 ± 1.1) × 10−21e, (2.2)

where e is the electron charge. This finding contributes to the list of already mentioned

problems of the SM concerning the charge quantization and extreme fine tuning needed

for such perfect compensation of charges for quarks of different flavor.

If neutron was a point-like particle void of electric charge, its magnetic moment µn

should be exactly zero. However, µn is not much smaller (as on absolute value) from

that of positively charged proton and amounts to [42]:

µn = (−1.91304273 ± 0.00000045)µN . (2.3)

This indicated a complex nature of the neutron and has found its explanation in

constituent quark model, which predicts qualitatively not only µn but also magnetic

moments of all other known baryons and mesons, a success that greatly motivated the

recognition of quarks as a real particles.

Remarkable precision has been achieved in the measurements of electric dipole

moment (EDM) of neutron dn. The most precise experiment from this field [24] relies
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on the Ramsey resonance method of separate oscillating fields and utilizes ultra cold

neutrons precessing in constant and very uniform magnetic field. The current limit

recommended by the PDG is [42]:

dn < 2.9 × 10−26 e cm. (2.4)

If non-zero, this quantity would signal the time reversal symmetry violation (TRV).

Assuming CPT theorem, i.e. stating that the nature is symmetric under simultaneous

application of the charge conjugation, time reversal and parity symmetries, TRV is

equivalent to CP- symmetry breaking, linking the neutron EDM to the “strong CP

problem” of the Standard Model. The importance of this observable is well illustrated

by large number of new experimental facilities planned at the largest neutron sources,

which aim at significant improvement of the measurement precision, see [43] for review.

Since no isolated neutron target is available, the neutron spatial structure has to

be inferred from the comparison of the electron-proton and electron-deuteron or even

electron-3He elastic scattering. In contrast to the excellent precision obtained in the

determination of the structure functions of proton, the results for the neutron are of

much poorer quality, though are compatible with isospin symmetry. In consequence,

it is a commonly used practise to assume that the distribution of quarks (and in

consequence of “weak charge”) in the neutron does not differ from that of the proton

resulting in the mean neutron radius:

〈rn〉1/2 ≈ 0.9 fm. (2.5)

This assumption can also be motivated by the observation that the neutron magneti-

zation density is very similar to that of the proton [44] (despite the obvious difference

of charge distribution). As for the charge distribution, the positive interior charge

density is balanced by negative charge density at distances around and larger than

1 fm. It is also consistent with the repulsive color interactions between quarks of the

same color broadening the negative charge distribution compared to the positive one.

Beside the angular correlations, which will be addressed in the next section, the

neutron lifetime provides the most precise and free from the influence of nuclear struc-

ture source of information about the axial-vector coupling constant [45]. Within the

SM one can show that

τ−1
n =

m5c4

2π3 ~7
fR (g2

V + g2
A), (2.6)

where fR = 1.71465(15) is the phase space factor [45].

The neutron lifetime is also an important parameter for primordial nucleosynthe-

sis. At an early stage of the Universe, during an epoch called nucleosynthesis [46]

(extending from few seconds to about 1000 s after the Big-Bang), its value influenced
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the relative amounts of light nuclei: protons, deuterons, 3He, alpha particles and 7Li

nuclei. Its uncertainty dominates the uncertainty of the predictions of primordial

abundance of helium, while the relative amounts of the deuterons2, 3He and 7Li nuclei

allow to determine another key parameter involved in the nucleosynthesis, baryon to

photon ratio (η). The current world average value of the neutron lifetime published

by the Particle Data Group [42]

τn = 885.7 ± 0.8 s (2.7)

remains in a strong contradiction to the latest, most precise measurement, which

obtained value by 6.5 standard deviations lower [47]. This shows the degree of difficulty

one has to deal with while determining the neutron lifetime and at the same time pose

a very strong motivation for experimentalists to search for the solution of this conflict.

2.2 Theory of neutron beta decay

Neutron decay is the most simple and still experimentally accessible example of a

much broader class of decays known as the β-decay. This semileptonic strangeness-

conserving process is understood as the interaction between quarks from first genera-

tion (u, d) and light leptons (e, ν) via an exchange of intermediate charged weak boson

W±. At this most fundamental level the neutron decay can be written as:

d→ u+ e+ νe (2.8)

which usually is illustrated by the Feynman diagram presented in Fig. 2.1.

d u

W−

e

νe

Figure 2.1: Elementary β-decay process on quark level.

2 Particularly interesting in this context is the primordial abundance of deuterium, which remained

practically unchanged from nucleosynthesis up to now, offering extremely sensitive probe of the η

value.
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Using convention adopted in [48], the matrix element of this process can be written

as:

Tfi =
g2

8
Vud ψuγ

µ(1 + γ5)ψd
gµν + kµkν/m

2
W

k2 +m2
W

ψe−γ
ν(1 + γ5)ψνe

, (2.9)

where ψu, ψd, ψe−, ψνe
stand for Dirac spinors of quark u, d, electron and electron an-

tineutrino, respectively. γµ are 4 × 4 matrices with γ5 = γ1γ2γ3γ4 and 1/2(1 + γ5)

being projection operator giving the right-handed part of a Dirac spinor. g is the

weak coupling constant, |Vud| = 0.97425(22) [49], is the first element of the Cabbibo-

Kobayashi-Maskawa matrix accounting for the fact, that the quark eigenstates of weak

interaction are different from their mass eigenstates, and k is the momentum trans-

ferred between hadron and lepton pairs. In the case of neutron decay, with k small

as compared to the W−-boson mass, mW , introducing the Fermi coupling constant

known from muon decay [50, 51]:

GF =
√

2g2/(8m2
W ) ≈ 1.166364(5)×10−5 GeV −2, (2.10)

one obtains:

Tfi =
GF√

2
Vud ψuγµ(1 + γ5)ψd ψe−γ

µ(1 + γ5)ψνe
(2.11)

≡ −GF√
2
Vud J

h
µ J

l µ, (2.12)

what is known as the effective four-fermion interaction with factorized hadronic and

leptonic currents, Jh
µ and J l

µ, respectively.

On this, most elementary level, electroweak interaction reveals pure vector axial-

vector structure. The picture becomes more complicated as one passes from the point-

like elementary fermions (quarks and leptons) to the description of weak processes

involving composed objects like nuclei or even the neutron. In this case, the influence

of strong interaction and many body dynamics complicates the simple structure of

Eq. (2.11) leading to the effective interaction, usually parametrized by the Hamiltonian

interaction density, which in the most general, Lorenz invariant form, can be written

as [52]:

Hβ = (p̄n)
(

ē (CS + C ′
S γ5) ν

)

+ (p̄γµn)
(

ē γµ (CV + C ′
V γ5) ν

)

+
1

2
(p̄σλµn)

(

ē σλµ (CT + C ′
T γ5) ν

)

− (p̄γµγ5n)
(

ē γµγ5 (CA + C ′
A γ5) ν

)

+ (p̄γ5n)
(

ē γ5(CP + C ′
P γ5) ν

)

+H.c., (2.13)

where the tensor operator:

σλµ = −1

2
i (γλγµ − γµγλ). (2.14)
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The coefficients Ci, C
′
i parametrize the amplitudes of interactions of a defined symme-

try type, where V, A, T , P , S correspond to vector, axial-vector, tensor, pseudo-scalar

and scalar symmetry type, respectively. The parity symmetry is related to simultane-

ous existence of both Ci and C ′
i amplitudes. The maximal parity violation, attributed

to the weak interaction with one component right-handed mass-less neutrino is realized

by |Ci| = |C ′
i|, as in Eq. (2.9). Since Ci, C

′
i are in general complex, they represent 19

independent parameters (one common phase drops out), which define the symmetry

characteristics of weak interaction. The symmetry argument allows to realize that the

vector and scalar couplings are involved in Fermi transitions (produced leptons are

in singlet state — no change of parity) while the axial-vector and tensor couplings

contribute to the Gamow-Teller transitions (leptons are in triplet state — with parity

change).

A detailed discussion of most recent experimental bounds imposed on the Ci and

C ′
i couplings by parity, charge conjugation and time reversal symmetries can be found

in e.g. [53]. The relevant for the present work time reversal symmetry is violated if

at least one amplitude (Ci or C ′
i) has an imaginary phase with respect to the others.

According to convention, when the time reversal symmetry is conserved, Ci and C ′
i

are all real.

Strong interactions between constituent quarks lead to the redefinition of hadronic

current within nucleon which, written in the Lorenz invariant form, splitted into vector

and axial vector parts, takes the form [54]:

Jh
V µ = i ψp

[

f1(k2)γµ +
f2(k

2)

2mp
σµνk

ν + if3(k2)kµ

]

ψn, (2.15)

Jh
Aµ = i ψp

[

g1(k2)γ5γµ +
g2(k

2)

2mp

γ5σµνk
ν + ig3(k2)γ5kµ

]

ψn, (2.16)

where mp is proton mass and the form factors f1, f2, f3, g1, g2, g3 are arbitrary

functions of Lorenz invariant k2, which in zero momentum transfer limit, k→ 0, are

known as the vector, weak magnetism3, induced scalar, axial vector, induced tensor

and induced pseudo-scalar coupling constants, respectively. As in the case of Ci and C ′
i

couplings, the phase convention applied to these functions requires that they all are real

if time reversal symmetry is conserved. Since they include effects of strong interaction,

they are classified according to their transformation properties with respect to the G-

parity.

G = C · exp(iπT2), (2.17)

This symmetry, defined as charge conjugation (interchanging particles with antipar-

ticles) coupled with a π/2 rotation in the isospin space around the second axis, is

3 By analogy with magnetism in electricity [55].
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considered to be a strict symmetry of the strong interaction [56]. Couplings included

in the hadronic vector current, transforming under this symmetry just as the elemen-

tary vector current (j
V
G = +j

V
) and those belonging to the hadronic axial current,

transforming like the elementary axial vector quark current (j
A
G = −j

A
), are called

first class currents. Those having opposite transformation properties are referred to

as second class currents (SCC). Beside the leading order terms f1 and g1, to the first

class currents belong also the weak magnetism and the induced pseudo-scalar, while

the remaining induced tensor and the induced scalar are of the second class. According

to the unified electro-weak theory [57], the hadronic vector and axial-vector current

must have defined symmetry under G-parity transformation, what forbids the exis-

tence of the SCC. At the present level of accuracy this requirement is fulfilled and no

experimental evidence for the SCC is observed [58].

Following the conserved vector current (CVC) hypothesis [59], which postulates

that the weak hadronic vector current is conserved also in strong interaction (by anal-

ogy with the electric charge), the weak vector coupling is not renormalized in nuclear

medium and g
V

(k) = 1. Another consequence of CVC hypothesis is that:

f2 = µp − µn = 3.71µN , (2.18)

g3 = 0, (2.19)

where µN = e~/2mp = 3.152451233(5) × 10−14MeV/T is the nuclear magneton [42]

and µp, µn are magnetic moments of proton and neutron, respectively.

Following the usually applied convention, one defines new variables:

g
V

= |Vud| f1(k
2 → 0)GF , (2.20)

g
A

= |Vud| g1(k
2 → 0)GF , (2.21)

λ =
|g

A
|

|g
V
| e

iΦ, (2.22)

where λ is the relative strength of vector and axial-vector interactions, which accord-

ing to the Particle Data Group, is equal to −1.2694 ± 0.0028 [42]. Φ is the phase

angle between g
V

and g
A

which are known as vector and axial-vector weak charges,

respectively.

2.3 Angular correlations in neutron β-decay

Reach information concerning the weak interaction beyond the SM can be provided by

the study of angular correlations in neutron β-decay. Number of such correlations is

limited by the number of observables (momenta and polarizations) of particles involved
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in the decay (electron, proton, anti-neutrino and neutron), and by the capabilities of

the experimental setup to measure these observables. Considering the last requirement,

usually one is left with four vector quantities (neutron and electron polarizations,

proton and electron momenta), which nevertheless allow to construct considerable

number of correlations. Following the naming convention used in the classical papers

of Jackson [60, 26] and Ebel [61] the most important angular correlations can by

introduced as the following terms contributing to the electron distribution function:

W (J,σ̂, E, Eν ,p,pν) ∝ 1 + a
ppν

E Eν
+ b

m

E

+
〈J〉
J

(

A
p

E
+B

pν

Eν
+D

p × pν

E Eν

)

+ σ̂

(

G
p

E
+H

pν

Eν
+K

p

E +m

p · pν

E Eν
+ L

p× pν

E Eν

)

+
〈J〉
J

(

N σ̂ +Q
p

E

p · σ̂
E +m

+R
p× σ̂

E
+ S σ̂

p · pν

E Eν

+ T pν
σ̂ · p
E Eν

)

+
〈J〉
J

(

U p
σ̂ · pν

E Eν
+ V

σ̂ × pν

Eν
+W

p× pν

E Eν

σ̂ · p
E +m

)

, (2.23)

where J and 〈J〉 are the neutron spin and its expectation value, σ̂ is a unit vector onto

which the electron spin is projected, E, Eν and p, pν are, respectively, the electron

and antineutrino energies and momenta, and m is the electron rest mass.

The complete formulae, expressing all the defined above correlation coefficients

in terms of the coupling constants Ci, C
′
i (Eq. (2.13)) were given in [26] and [61] for

nuclear β-decay, with no assumption concerning the parity, charge conjugation or time

reversal invariance. For the particular case of the neutron decay4, neglecting Coulomb

corrections, recoil effects and assuming only vector and axial vector interactions with

maximal parity violation (Standard Model approximation):

CV = C ′
V

CA = C ′
A = λCV

CS = C ′
S = CT = C ′

T = CP = C ′
P = 0 (2.24)

4 The neutron β-decay is the mixed transition with exactly known Fermi and Gamow-Teller matrix

elements: MF = 1 and MGT =
√

3, respectively.
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those expressions can be reduced to:

a =
1 − λ2

1 + 3 λ2
, (2.25)

A = − 2 λ
1 + λ

1 + 3 λ2
, (2.26)

B = 2 λ
λ− 1

1 + 3 λ2
, (2.27)

G = − 1 (2.28)

K =
λ2 − 1

1 + 3 λ2
, (2.29)

Q = 2 λ
1 + λ

1 + 3 λ2
, (2.30)

b = D = H = L = N = R = S = U = V = W = 0. (2.31)

This remarkable result shows that all correlation coefficients can be expressed as a

function of only one parameter, giving a possibility of completely independent deter-

mination of λ, the relative strength of axial interaction. Considering error propagation

and assuming current value of λ, from the above formulae, one can show that the most

precise determination of λ is provided by the measurement of the A asymmetry pa-

rameter. It is also interesting to notice that within the SM electrons are polarized

purely longitudinally in the direction opposite to their velocity (G = −1).

From the above list so far only four coefficients have been addressed experimentally

in neutron decay. The results are listed in Table 2.1.

Table 2.1: Current experimental values (PDG 2010 [42]) of the correlation coefficients

in neutron decay.

Coefficient value references to experiments

A -0.1173±0.0013 [62, 63, 64, 65, 66]

B 0.9807±0.0030 [67, 68, 69, 70, 71]

C -0.2377±0.0026 [72]

a -0.103±0.004 [73, 74, 75]

As the presented experiment was sensitive to the electron momentum and to the
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transverse components of the electron polarization, Eq. (2.23) reduces to5:

W (J, σ̂, E,p) ∝ 1 + b
m

E
+ P ·

(

A
p

E
+Nσ̂ +R

p× σ̂

E

)

, (2.32)

where P = 〈J〉/J represents the average neutron beam polarization. It has been

pointed out in Ref. [53] that the Fierz interference term (bm/E) affects most of the

correlation measurements using neutron spin asymmetry to extract correlation coeffi-

cients in such a way, that the measured quantity becomes

X̃ = X/(1 + b 〈m/E〉) (2.33)

with X = a, A,B,D. . . and the averaging is performed over the observed β-spectrum

in the individual measurement. b has never been measured in the neutron decay,

however, from the analysis of the superallowed nuclear β-decays Towner and Hardy

[76] deduced b ≈ 0.0001(26). With this bound the impact of Fierz term on Eq. (2.33)

is a higher order correction and, at the present level of accuracy, can be neglected.

It is easy to realize that the R correlation coefficient quantifies the magnitude of

the transverse component of the electron polarization σT2
perpendicular to the decay

plane spanned by the neutron spin and the electron momentum (Fig. 2.2). Since all

vectors involved in this correlation change sign under the time reversal, any non-zero

value of R would signal time reversal violation.

The N correlation is associated with σT1
component, which is contained within the

decay plane (Fig. 2.2). It conserves both the time reversal and the parity symmetries.

Taking into account the final state interactions, including the recoil and Coulomb

effects, the coefficients R and N acquire non-zero values, which scale with neutron

β-decay asymmetry parameter A, and can be expressed as [26]:

Nfsi ≈ −m
E

· −2(λ− λ2)

1 + 3 λ2
= −m

E
·A, (2.34)

Rfsi ≈ −αm
p

· −2(λ− λ2)

1 + 3 λ2
= −αm

p
·A, (2.35)

and α = e2/4π~c ≈ 1/137 is the fine structure constant.

For the electron energy E = 370 keV, what roughly corresponds to the average

electron energy measured in this experiment, one obtains Nfsi ≈ 0.0680 ± 0.0010,

where the error estimate includes the uncertainty of the asymmetry parameter (A =

5 One can notice that the terms involving G and Q correlations in Eq. (2.23) are proportional to

the longitudinal component of the electron polarization, which was not accessible in the presented

experiment.
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Figure 2.2: Schematic representation of the neutron decay. The decay plane containing

the neutron spin J , the electron momentum pe and the transverse component of the

electron polarization σT1
is indicated.

−0.1173 ± 0.0013 [42]) and the estimated precision of the theoretical calculations (∼
0.01 [22]) added in quadrature. This value should easily be measured in the presented

experiment. In contrast, the corresponding value of Rfsi ≈ (5.5 ± 0.1) · 10−4 is well

below the precision of this experiment.

The time reversal violating contributions to the R correlation due to Kobayashi-

Maskawa phase δ and the θ-term in QCD Lagrangian have been calculated by Herczeg,

Khriplovith [77] and “are not likely to be larger than 10−14 and 10−12”, respectively.

With such a strong suppression any finite value of R coefficient would provide strong

evidence for a new source of time reversal violation beyond the Standard Model and

signal a possible existence of exotic couplings in weak interaction.

Within the SM assumptions of Eq. (2.24), but allowing for a small admixture of

exotic couplings, (Ci ≪ 1, C ′
i ≪ 1, i = S, T ) one can show that [26]:

N −Nfsi = csRe(S) + ctRe(T ), (2.36)

R− Rfsi = cs Im(S) + ct Im(T ), (2.37)

where

cs =
λ

1 + 3λ2
= −0.2715, (2.38)

ct =
λ(1 + 2λ)

1 + 3λ2
= 0.3349 (2.39)
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and

S =
CS + C ′

S

CV
, (2.40)

T =
CT + C ′

T

CA
(2.41)

are the relative strengths of scalar and tensor interactions with respect to the dominant

vector and axial-vector couplings. The final state interaction corrected value of the

R correlation coefficient is proportional to the imaginary part of the combination of

scalar and tensor couplings (which confirms its time reversal violating character), while

the N correlation coefficient, corrected for the final state interaction, is sensitive to

the real part of the same combination of couplings.

2.4 Leptoquark exchange

One of possible Standard Model extensions, which can account for the CP-symmetry

violation large enough to explain baryon asymmetry of the universe, permits the ex-

istence of new bosons, which couple to lepton-quark pairs. Such bosons, called lepto-

quarks, should carry lepton and baryon numbers and fractional charges. According to

[4] only scalar (spin zero) and vector (spin 1) leptoquarks can exist. Fig. 2.3 shows

possible first order leptoquark exchange graphs, which could contribute to the nuclear

β-decay.

u e+

X(Y )1/3

νe

d

u νe

X(Y )2/3
e+

d

Figure 2.3: Vector (scalar) leptoquark exchange contributions to the nuclear β-decay,

for leptoquarks of charge 1/3 and 2/3 of the electrons’ charge (left and right, respec-

tively).

Following Herczeg, the four-fermion Hamiltonian describing the interactions gen-
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erated by vector (X) and scalar (Y ) leptoquarks can be parametrized as [4]:

H
X

2

3
= ūγµ(1+γ5) ν

L
e

(

fLL ē γµ(1+γ5)d+ fLR ē γµ(1−γ5) d
)

(2.42)

+ ūγµ(1−γ5) ν
R
e

(

fRL ē γµ(1+γ5)d+ fRR ē γµ(1−γ5) d
)

+H.c.

H
X

1

3
= d̄cγµ(1+γ5) ν

L
e

(

hLL ē γµ(1+γ5)u
c + hLR ē γµ(1−γ5) u

c
)

(2.43)

+ d̄cγµ(1−γ5) ν
R
e

(

hRL ē γµ(1+γ5)u
c + hRR ē γµ(1−γ5) u

c
)

+H.c.

H
Y

2

3
= ū(1+γ5) ν

L
e

(

FLL ē (1+γ5)d+ FLR ē (1−γ5) d
)

(2.44)

+ ū(1−γ5) ν
R
e

(

FRL ē (1+γ5)d+ FRR ē (1−γ5) d
)

+H.c.

H
Y

1

3
= d̄c(1+γ5) ν

L
e

(

HLL ē (1+γ5)u
c +HLR ē (1−γ5) u

c
)

(2.45)

+ d̄c(1−γ5) ν
R
e

(

HRL ē (1+γ5)u
c +HRR ē (1−γ5) u

c
)

+H.c.

The coupling constants f , h, F , H are labeled with the helicity of the neutrino and the

positron (first and second subscript, respectively). Transformations of those couplings

to the relevant in this experiment scalar and tensor couplings (CS, C ′
S, CT and C ′

T )

from the most general Lorenz invariant representation, Eq. (2.13), is given in Table

2.2.

Table 2.2: Correspondence between Ci, C
′
i from Eq. (2.13) and couplings describing

leptoquark exchange [4]. The constants gS, gT correspond to the nucleon form factors

in the limit of zero momentum transfer.

X
2

3 X
1

3 Y
2

3 Y
1

3

CS −2gS(fLR+fRR) −2gS(hRL−hRR) −gS

2
(FLL+FRR) −gS

2
(HLL+HRR)

C ′
S −2gS(fLR−fRR) −2gS(hRL+hRR) −gS

2
(FLL−FRR) −gS

2
(HLL−HRR)

CT 0 0 −gT

2
(FLL+FRR) gT

2
(HLL+HRR)

C ′
T 0 0 −gT

2
(FLL−FRR) gT

2
(HLL−HRR)

The constants gS and gT correspond to the nucleon form factors at the limit of

zero momentum transfer [4], and are defined as:

gS(q2) n̄ p = 〈p|ū d|n〉, (2.46)

gT (q2) n̄ σλµ p = 〈p|ū σλµd|n〉. (2.47)
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2.5 Minimal supersymmetric standard model

with R-parity violation

The minimal supersymmetric standard model (MSSM) [78] postulates a general sym-

metry between baryons and fermions realized by the existence of superpartners of all

elementary particles present in the current formulation of the SM. None of those hy-

pothetical superpartners has been observed so far. On cost of a substantial increase

of the number of free parameters, this theory provides explanations of many serious

problems of the SM like necessary “fine tuning” of some parameters, additional sources

of CP-violation and the candidates for dark matter particles.

According to [79] the additional, R-parity violating, tree level contributions to the

neutron β-decay involve the exchange of selectron (ẽL) and squark (d̃R in Fig. 2.4), the

superpartners of the electron and the quark d, respectively.

u d

ẽL

νe

e−

u e−

d̃R

νe

d

Figure 2.4: Tree level contributions of selectron (left) and squark (right) exchange to

the nuclear β-decay amplitude.

Adopting conventions used in [79], amplitude of the selectron exchange between

quark and lepton can be written as:

MẽL
=

∑

i=2,3

λ1i1λ
′∗
i11

4m2
ẽLi

ū(1 + γ5)d · ē(1 − γ5)νe, (2.48)

where λijk are coupling constants with indices i, j, k corresponding to the quark gener-

ations and mẽL
is the slepton mass assumed to be equal to 100 GeV. According to [79]

contribution of the selectron exchange to the β-decay generates the R-parity violating

interaction and can be represented by the following Hamiltonian:

HR/ = C̃S p̄n · ē(1 − γ5)νe, (2.49)

where

C̃S = g̃s

∑

i=2,3

λ1i1λ
′∗
i11

4m2
ẽLi

, (2.50)
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and g̃s is given by neutron, proton and light quark masses:

g̃s =
Mn −Mp

mu −md

≈ 0.49 ± 0.17. (2.51)

This interaction is of the scalar type and, if present in the nuclear β-decay, its contri-

bution to the R and N correlation coefficients can be related to the coupling constants

λijk by the following formulae:

R = −λ 2
√

2 Im(C̃S)

GF Vud gV (1 + 3λ2)
, (2.52)

N = −λ 2
√

2Re(C̃S)

GF Vud gV (1 + 3λ2)
. (2.53)

As in the previous case (Eq. (2.36)) the R correlation coefficient is proportional to

the imaginary part of the couplings combination, while the N correlation coefficient is

sensitive to the real part of the same combination of couplings.
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Chapter 3

Experiment

The most crucial feature of this experiment is the ability to reconstruct trajectories

of low energy electrons over relatively long distances. This allowed the application of

efficient electron polarimetry based on Mott-backscattering [80] for electrons produced

in the decay of free neutrons, from one of the world strongest polarized neutron beams.

Additional advantage of this principle is unique event signature of rare Mott scattered

electrons, which became easily distinguishable, not only off- but also on-line, from an

overwhelming background of electrons accompanying this, very strong beam of cold

neutrons.

The experiment was performed at the SINQ facility of the Paul Scherrer Institute,

Villigen, Switzerland. In this Chapter the main components of the experimental setup

are presented.

3.1 Neutron beam

A dedicated cold neutron beam line has been constructed for the presented experiment

at channel 51 of SINQ, leading directly to the cold moderator container (Fig. 3.1) sit-

uated close to the spallation target in the thermal moderator tank filled with heavy

water. The container was filled with about 20 liters of liquid deuterium at 25 K. Its

role was to slow neutrons down and shifts their spectrum to lower energies, greatly

increasing the amount of cold neutrons available for experiments. Cold neutrons leav-

ing this container in the direction of the beam line were polarized in a multichannel

bender-polarizer [81], and subsequently transported to the experimental area with the

help of a rectangular channel, further referred to as condenser. Its vertical walls were

slightly convergent in order to match 80 × 150 mm2 entrance cross section with 40 ×
150 mm2 exit. The condenser’s main role was to separate experimental area from a

large background of fast neutrons and gammas produced in the SINQ interior and in

25
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Figure 3.1: Schematic top view of the polarized cold neutron beam line arrangement.

Neutrons enter from the left.

the polarizer, and to increase the neutron density at the experimental area. To mini-

mize background and neutron losses due to scattering with gas particles, the polarizer

and condenser were enclosed in a vacuum chamber with 180 µm and 125 µm thick

zirconium entrance and exit windows, respectively.

The application of carefully chosen, different kinds of supermirrors [82, 83, 84] in

the polarizer and condenser, with the critical reflection angle up to 3.3 times larger

than that of natural nickel (m=3.3) allowed for high polarization and maximum trans-

mission efficiency of the neutron beam. A vertical spin guiding magnetic field was

maintained along the beam line by a combination of permanent magnets and iron

plates. The magnitude of this field was constant along the polarizer and a large part

of condenser, decreasing only at the spin flipper position to create field gradients, neces-

sary for spin-flipper operation. Two adiabatic, radio frequency spin-flippers, mounted

around the last part of condenser, were used to reverse the orientation of the neutron

beam polarization at regular time intervals, typically every 16 s.

The final energy spectrum of the neutron beam at the experimental position was

shaped mainly by the reflective properties of the supermirrors applied in the polar-

izer and along the beam line, resulting in a distribution presented in Fig. 3.2. The

maximum beam intensity at about 3.6 Å corresponds to the neutron velocity of about

1000 m/s or the energy of about 5 meV.

One of the biggest challenges of this experiment was to suppress electromagnetic

background inevitably associated with very strong neutron beam. The importance of

this task becomes clear if one considers the fact that the probability for an average

beam neutron to decay in the detector fiducial volume was about 5 × 10−7. Apart

from the separation provided by the condenser, the experimental areal was shielded
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Figure 3.2: Wavelength distribution of the neutron beam measured by the time-of-

flight method at the position of the experimental apparatus.

from the background produced in the neutron source and polarizer by a 0.5 m thick

concrete wall with inserted boron-lead collimator (Fig. 3.3). The total length of this

collimator was 1.2 m. It was built essentially of 6LiF polymer1, and its multi-slit

structure defined the beam cross section to 40×150 mm2 at the entrance of the Mott

polarimeter, reducing the cold neutron beam halo. In order to minimize neutron

scattering and capture, the entire beam volume, from the collimator to the beam

dump was hermetically sealed and formed a chamber filled with pure helium at the

atmospheric pressure. The whole inner surface of this chamber, except the entrance

windows of the multiwire proportional chambers (MWPC in Fig. 3.3) were lined with

1.2 mm thick 6LiF polymer (at the beam dump a double layer has been applied).

The advantage of using helium instead of vacuum in this part of the setup was the

possibility to avoid massive walls of the chamber, which otherwise would be needed

to sustain atmospheric pressure. The idea was to remove as far as possible from the

surroundings of the detector any unnecessary material. Such material would pose an

additional source of the γ-background following capture of stray neutrons. Moreover,

this concept allowed one to avoid thick entrance MWPC window foils – a source of

substantial energy losses and multiple scattering for low energy electrons from the

neutron decay. Thick MWPC windows would be especially destructive for the trajec-

tories of backscattered electrons, which, to be detected, have to pass them three times

1 isotopically enriched to about 80% of 6Li.



28 CHAPTER 3. EXPERIMENT

Plastic scintillators

MWPC

LiF collimatorFail-safe shutter
6 6

Pb foil

LiF beam dump
2m

Magnet coils

n

x

y
zConcrete

Lead

Boron

Figure 3.3: Schematic top view of the experimental setup. A sample projection of an

electron V-track event is indicated (see text).

on their way to the triggering scintillator. By additional energy losses they would

also affect the energy threshold for electron detection, lowering the total number of

events available for analysis. Helium features one of the smallest cross section for cold

neutron scattering (2 b at 1 meV) and vanishing cross section for neutron capture [85].

Another important element used in the setup was, already mentioned, the 6Li

isotope. In contrast to helium, it has a very large cross section for cold neutron

capture (≈5 kb at 1 meV [85]), but unlike most of other elements abundant in the

experimental setup, after the neutron capture it decays into two charged particles:

triton and alpha particle. As both, triton and alpha particle are quickly stopped

even in helium atmosphere, application of this element provides the cleanest way of

eliminating strayed cold neutrons accompanying the beam, without production of high

energy electrons or photons.

The total flux of the collimated beam was typically about 1010 neutrons/s with

slightly growing tendency, due to progress made over the years in the operation of

the spallation source. The beam divergence was 0.8◦ in horizontal and 1.5◦ in vertical

direction. Detailed study of the beam polarization at the position of the experimental

setup was performed [34] with polarization analyzer based on the bent supermirrors

concept, analogous as applied in the polarizer. Obtained results revealed a maximum

polarization of 95% in the beam center and its strong dependence on the position and

on the inclination angle within the beam volume. This feature hindered reliable evalu-

ation of the average polarization integrated over the whole beam fiducial volume from
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those investigations. The solution was to measure, in parallel to the main correlation

experiment, and with the same beam and detector, the neutron β-decay asymmetry.

As the asymmetry parameter is known with a high precision from other experiments

[63, 64, 62], this approach allows to extract the average beam polarization, automati-

cally accounting for proper integration over the position dependent beam density and

polarization as well as the detector acceptance. It also enables the study of the beam

polarization stability during the experiment.

Though the neutron β-decay asymmetry can be measured for Mott-scattered elec-

trons used for electron polarization analysis, their number does not allow to attain

required statistical precision. On this account, together with backscattered electrons,

also much more numerous electrons (about two orders of magnitude), which passed

through the foil without scattering were recorded. Obtained results of polarization

analysis for different event classes are listed in Table 4.2.

More detailed description of the design, operation and performance of the cold

neutron beam line can be found in [34].

3.2 Electron polarimeter

Two different processes are commonly used to analyze the electron polarization: (i)

Mott scattering, in which electrons are scattered from spin-less nuclei and (ii) electron-

electron scattering, known as Møller scattering. For low energy electrons (less than

1 MeV) the second process would be of great interest, since at scattering angles close to

45◦, the analyzing power reaches its maximal theoretically attainable value, provided

the electrons used as analyzer are totally polarized. However, in a real experiments

one achieves for these electrons polarization of the order of 0.07, what reduces the

effective analyzing power accordingly2.

Another arguments against application of Møller scattering for electron polarimetry

were of purely experimental nature. To take advantage from the highest analyzing

power of this process, electron from neutron decay would have to transfer during the

collision almost half of its (anyway not large) energy to the target electron. This

would badly intensify one of the largest problems this experiment has to deal with:

detection of low energy electrons. Furthermore, since both electrons are scattered in

forward angles (≈ 45◦), an additional electron tracking detector behind the analyzing

foil would be required. This alone would at least double the number of sense wires,

read-out channels and associated costs.

On contrary, the electron trajectory before and after Mott backscattering can be

2 By the “effective analyzing power” we understand in this case the product of the initial analyzing

power and the average target electron polarization.
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measured in the same detector. Because of huge mass difference between the electron

and nucleus electron transfers only very small part of its energy to the nucleus and

its energy remains almost unchanged after scattering. As it will be shown in the next

section (Fig. 3.4) the analyzing power of Mott scattering reaches considerable values,

with the optimum, luckily enough, in the angular range accepted in the presented de-

tector. It is also worth to notice that Mott scattering, just from the physical principle,

is sensitive exclusively to the transverse components of electron polarization. Møller

scattering, in contrast, depends on all components of both target and projectile po-

larization — feature which would introduce additional systematic effects. From these

reasons the measurement of transverse components of electron polarization was based

on the principle of backward Mott scattering. As the electron polarimetry pose the

main difficulty of this experiment, the detector setup which enables this measurement

will farther be referred to as “Mott polarimeter”.

The Mott polarimeter consisted of two identical modules, arranged symmetrically

on both sides of the neutron beam (Fig. 3.3), mounted inside a large-volume dipole

magnet providing a homogeneous vertical spin holding field of about 0.5 mT within

the beam fiducial volume. The average horizontal component of the field vector,

corresponding to about 3 ◦ deviation from the vertical direction, has been accounted

for in the analysis by appropriate rotation of the neutron beam polarization vector.

Residual deviation of the field from this average, the actual measure of field non-

uniformity, was less than 0.5 ◦.

Going outwards from the beam, each module consisted of a multi-wire proportional

chamber (MWPC) for electron tracking, a removable Mott scatterer (1-2.4µm Pb layer

evaporated on a 2.5 µm thick Mylar foil, almost transparent to electrons from neutron

decay) and a scintillator hodoscope for electron energy measurement.

The main requirements, which shaped the design of the applied MWPCs, were the

minimal energy losses and multiple scattering of low energy electrons, and possibly

small cross section for conversion of gamma quanta into electrons, which would pose

a dangerous background source. To fulfil these conditions an unique combination of

special features was implemented:

• very light gas mixture based on helium, isobutane and methylal (90/5/5), which

nevertheless assured stable working condition at an anode voltage of around 1800

kV,

• thin, 25 µm Ni/Cr (20/80) wires at 5 mm and 2.5 mm pitch for anodes and

cathodes, respectively,

• readout of both, anodes and cathodes allowed to reduce total thickness of the

MWPC by a factor of two,
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• very thin entrance and exit windows made of 2.5 µm Mylar foil.

Each of these features separately can be encountered in multiwire detectors functioning

in various physical laboratories. Up to our best knowledge, however, the applied

combination is unparalleled in the world scale.

Each chamber contained five anode and five measuring cathode planes with active

area of 50×50 cm2. The distance between anodes (wires in horizontal direction) and

cathodes (vertical wires) was 4 mm and between consecutive anode planes was 16 mm.

Time measurement of individual wire hits with respect to the reference signal from

the scintillator contains the information about the pulse height for cathodes and drift

time of primary ionization electrons for anodes. This information was used for more

precise reconstruction of the cluster centroid, as well as for splitting large clusters in

order to improve the double track resolution of a single plane, and to enhance the

detection efficiency of vertex events. Position resolution of a single plane, obtained

from the distribution of reconstruction residua, was about 1.2 mm and 1.7 mm r.m.s.

for anodes and cathodes, respectively. Better double track and position resolution of

anodes lead to more precise and more efficient reconstruction of trajectories in vertical

coordinate, relevant for the R correlation coefficient measurement. The estimated effi-

ciency of a single plane was about 98% and 97% for anodes and cathodes, respectively.

The scintillator hodoscopes were optimized for the detection of the total energy

of electrons of energy up to about 1.8 MeV. This allowed to distinguish the electrons

from neutron decay from more energetic background electrons and played a crucial

role in the background subtraction procedure. Each hodoscope consisted of six 1 cm

thick, 10 cm wide and 63 cm long plastic scintillator slabs. Two photomultipliers were

coupled optically to both sides of the scintillator via short light guides of optimized

shape. This solution allowed for reconstruction of the total electron energy with very

good resolution over the entire length of the scintillator. The asymmetry of the light

signal collected at both ends of the scintillator slab allowed for the determination of

the vertical hit position with a resolution of about 6 cm, while the segmentation of

the hodoscope in horizontal direction provided a crude estimate of the z-coordinate.

Matching the information from the precise track reconstruction in the MWPC with

that from the scintillator hodoscope considerably reduced background and random

coincidences.

Fast pulses from hodoscope were also used in a trigger logic and provided the time

reference signal for the MWPC wire readout.
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3.3 Mott foil scatterer

In the scattering of electron off spin-less nucleus the electron spin couples to its angular

momentum. As a result of this purely electromagnetic process the angular distribu-

tion of electrons after scattering is left-right asymmetric (Mott scattering, [86, 87]).

The asymmetry is proportional to electron polarization component perpendicular to

the scattering plane and to the quantity called analyzing power, which depends on

target nucleus and on electron scattering angle. As already has been mentioned in the

previous section, from the above principle it follows that Mott scattering is sensitive

exclusively to transverse component of electron polarization.

Since the analyzing power is proportional to the square of the nucleus charge the

natural tendency is to look for Mott scatterer among heavy metals. Three elements

have been considered: gold, lead, and depleted uranium 238U. The lightest one, gold,

is frequently used for this purpose because it is non-reactive (does not form an oxide

layer), and because thin gold foils are very easy to produce. It turned out, how-

ever, that regardless of excellent mechanical properties of gold the target of required

dimensions is extremely fragile and by far not uniform.

The solution of this problem was to evaporate metal onto very thin (2.5 µm)

and nevertheless durable Mylar foil. Because of low Z of constituent elements the

backscattering off this foil can be neglected. Since only a small part of used metal

was deposited on the foil the application of gold prove to be too expensive. Relatively

good results have been obtained with lead which became our final choice, since the

uranium showed a tendency to fall off form the foil.

The experiment presented here exploits particularly favourable conditions existing

for electron scattering on heavy element nuclei at large backward angle, where the

Sherman function (analyzing power, [88]) reaches its highest absolute value (Fig. 3.4).

In a real scatterer one has to take into account the inelastic multiple scattering with

atomic electrons and, although being much less likely, plural Mott scattering at small

angles, which can eventually mimic single Mott-backscattering event. These effects

can significantly deteriorate the initial analyzing power and introduce its substantial

dependence on the thickness of the scatterer (c.f. Fig. 3.5) and on the incidence angle

with respect to the foil surface.

In order to obtain the effective analyzing power of the applied scatterer, a Monte-

Carlo simulations were performed using the Geant 4 simulation framework [89] fol-

lowing guidelines presented in [90, 91]. This approach takes advantage from accurate

theoretical calculations of the Sherman functions. Freely available ELSEPA software

package properly accounts for effects introduced by atomic structure and finite nuclear

size, as well as for effects due to electrons interactions with medium. The accuracy of
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Figure 3.4: Angular distributions of the Mott scattering cross section (left panel) and

the Sherman function (right panel) for electrons on natural lead. Shaded areas show

parameter space relevant in the present experiment.

these calculations has been estimated to be better than 2% and verified3 by compar-

ison with two experimental data sets: at low (120 keV [92]) and high (14 MeV [93])

electron energies. Very good agreement at these two extremes allows to expect similar

precision for intermediate energies and investigated angular range.

Considering the detection efficiency of the backscattered electrons originating in

neutron decay two solid angles are relevant: (i) the effective solid angle, at which the

Mott targets are seen from the beam volume, ΩM , and (ii) the effective solid angle,

at which the hodoscope is seen from the opposite Mott target, ΩH . Both angles are

plotted in Fig. 3.6 as a function of ∆z, the detector active window dimension along

z-axis, with all other geometrical parameters taken from the current setup.

The total accumulated number of backscattered events is proportional to the prod-

uct of ΩM , ΩH and ∆z.4 As can be seen in Fig. 3.6 it increases rapidly with the increase

of ∆z. Beside both solid angles and the beam volume factor an important contribution

to this increase originates from the angular dependence of the Mott scattering cross

section (see Fig. 3.4) and from a limited double track resolution of the MWPCs. Fur-

ther increase of statistic could be achieved by the increase of vertical size of the active

window (this increases mainly ΩH) or applying cylindrical, instead of planar, geometry

of the setup. The current, relatively small size of the detector, resulted rather from

3 to be published elsewhere.
4 Proportionality to the ∆z is related to the number of neutrons contained in the beam fiducial

volume, which is proportional to ∆z
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Figure 3.5: Effective analyzing power of lead for 400 keV electrons backscattered

at the angle of 140o as a function of the lead layer thickness. Electrons incident

perpendicularly to the foil.

the founding limitations than from physical arguments.

In an early phase of this experiment (2003 - 2004) 1 µm thick lead layer evaporated

on a 2.5 µm thick Mylar foil was used as a Mott target. The bulk of the data,

however, was collected in 2006 and 2007 with about twice as large surface density

of the lead scatterer. This change was motivated by the achieved experimental low

energy threshold for the electron detection (see e.g. Fig. 4.7) and its influence on

the figure-of-merit of this experiment (Fig. 3.7), which as usual in the polarization

analyzing experiments, is proportional to the product of the effective analyzing power

squared and the number of electrons backscattered from the Mott target and detected

in the opposite detector.

It should be noted that even the 2 µm thick lead foil was almost transparent to the

incident electrons originating in the neutron decay, so that more than 99% of them

penetrated through the foil without being deflected back into the polarimeter.

Due to the Mott-foil manufacturing process, thickness of the lead layer was not

perfectly uniform. Also the illumination of the foil by electrons at the experiment po-

sition was not uniform. These effects had to be included in the systematic uncertainty

in the analysis presented in [35]. In order to decrease this uncertainty and to en-

hance the reliability of the obtained results, a detailed scan of the lead surface density

distribution of both 2 µm Mott scatterers was performed using the photon-induced

characteristic radiation [36]. The dedicated method was developed and applied in the

Institut of Nuclear Physics in Cracow.

The setup of this measurement is shown in Fig. 3.8. Collimated X-rays form
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Figure 3.6: The effective solid angles ΩM and ΩH (see text for explanation) as a

function of ∆z, the detector active window dimension in z-component (left). Gain

factor Fg with respect to the current setup (∆z=500 mm) as a function of ∆z for

uniform (blue) and real (red) Mott scattering cross section (right). The expected gain

factor increases significantly when limited double track resolution is taken into account

(black line).

the generator illuminated foil sample of about 2 cm2 and, knocking out electrons

from inner atomic shells, produced characteristic X-ray spectrum. The X-ray spectra

were measured by a 0.7 mm thick silicon surface barrier detector, at a grid of 23×23

positions uniformly distributed along y- and z-axis on the Mott scatterer. The relative

thickness of the lead layer was estimated from the ratio between the intensity of excited

characteristic lead lines (Lα, Lβ) and used for the monitoring iron lines (Kα, Kβ)

produced in the collimator (Fig. 3.9). The relative accuracy of this method, estimated

to be about 0.8%, was limited mainly by the time of the measurement at one position

and geometrical effects caused by slightly waved surface of the foil. The absolute

normalization was performed by accurate weighing of lead chemically dislodged from

a well defined, uniform foil sample and confirmed additionally by the atomic absorption

spectroscopy.

Resulting maps of the lead layer surface density measured with absolute accuracy

of about 55 µg/cm2 are shown in Fig. 3.10. Together with the Monte-Carlo simu-

lated multidimensional analyzing power data and the positional distributions of the

reconstructed electron vertices on the scatterer they were used to obtain final average

effective analyzing powers. New values are by about 7% smaller than those used in

[35], however with relative uncertainty reduced from 9% to about 3%.
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the Mott scattering foils.

3.4 Detector electronics and hardware trigger

The entire electronics coupled directly to the detectors (sense wires of MWPC and

photomultipliers) used for signal amplification, discrimination and the most important

early stage of hardware trigger was designed and built specially for this experiment.

The details of the implementation are described in [94], here only the main concept of

the trigger is presented.

The hardware trigger was constructed in a way allowing for collection of virtually

all events belonging to each of the two classes:

• VT1-2 and VT2-1 5 in Fig. 3.11 – Mott scattered electrons with two track

5 Two V-track subtypes reflect the left-right symmetry of the detector and correspond to events
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segments on one side and one segment accompanied by a scintillator hit on the

opposite side, further referred to as “V-track” (an example is shown in Fig. 3.3),

used for the determination of the electron transverse polarization,

• S1 and S2 in Fig. 3.11 – “single-track” events with only one reconstructed track

segment on the hit scintillator side, used for precise evaluation of the average

beam polarization.

In order to enhance the selectivity of the trigger, two plane multiplicity signals have

been constructed separately for anodes (Y ) and cathodes (X) of each detector side.

High plane multiplicity (XiH , YiH , where i indicates the side of the detector), relevant

for the detector side with two segments, and low multiplicity (XiL, YiL) required for

the detector side with only one segment. Taking advantage of a small drift cell size

backscattered form the left and right Mott target, respectively
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Figure 3.10: Surface density maps of both Mott targets used in runs 2006 and 2007.

The deep minima around y=-80 mm in the first foil (left) and y=150 mm in the 2’nd

foil (right panel) are due to imperfect matching of individual sheets used for Mott

foil fabrication. Smooth changes which are visible in y-projections are relics of the

evaporation process used in manufacturing of a single sheets.

and using a fast OR circuits present on the discriminator boards of each MWPC

plane, both signals were generated as early as 80 ns after the fastest scintillator pulse.

This concept allowed to focus the data acquisition on loss-less collection of V-track

events, admitting only the most promising candidates for single track events, with the

possibility of their further reduction by a prescaler module (Fig. 3.11).

Typically the low (high) plane multiplicity signal was set when more than two

(three) planes of the same electrode type registered at least one hit wire. With this

setting the observed rates were about 800 and 8000 Hz for V-track and for single track

events, respectively. In order to keep the dead time at the acceptable level below 10%,

the single track event rate was prescaled by a factor of two.

3.5 Data acquisition

For each trigger the information including pulse height and the time measurement with

respect to the fastest hodoscope signal for all hodoscope hits and time measurement

for all MWPC wire hits were digitized in FERA compatible ADC (LeCroy 4300B)

and TDC (LeCroy 3377) modules. The multi-hit capability of the TDC was exploited

to lower the total cost of the electronics and the number of readout channels. Wires
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Figure 3.11: Simplified diagram of the hardware trigger. Sc1 and Sc2 correspond to

the OR of all PMs from the left and right side scintillation hodoscope, respectively.

from five consecutive planes of MWPC were connected to one TDC channel via a

custom multiplexer board. As the signals from each wire plane were delayed properly

by carefully chosen hardware delays, application of corresponding time gates allowed

to attribute each TDC hit to the proper MWPC plane. An important by-product of

the TDC application for MWPC readout was the information about drift time and

time walk due to different amplitude of signals.

The key feature of the applied data acquisition system system was the possibility

to transmit the whole experimentally relevant information merged together in two,

parallel FERA data buses to the VME hosted double port buffer memories. Using

sixteen bit ECL line, FERA stands for Fast Encoding and Readout ADC. It was de-

signed by LeCroy to overcome limited capacity of CAMAC data bus. Applied solution

allowed to overcome speed limitations of the FERA standard itself. Such limitations

are due to event size dependent waiting time, inherent to the operation principle of

a specific FERA compatible electronic module. These time periods, used e.g. for the
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pulse shape analysis and subsequent conversion of the extracted informations to digital

representation, pose a time overhead which is particularly significant in experiments

with not too large average event size (like in the case of this experiment).

Dedicated, custom made Tagger-Extender CAMAC module [95], allowed for con-

sistent tagging of the data belonging to a single physical event distributed over two

FERA subsystems. The later feature was of crucial importance for successful imple-

mentation of parallel readout of these subsystems, and thus for the reduction of the

overall event readout time. Its application allowed to fully exploit considerable capac-

ity of VME data bus (40 MB/s) making good use of high quality and high performance

CAMAC modular electronics.

The continuous operation of the system was accomplished by applying two identical

sets of double port buffer memories (each set comprises one memory for one FERA

stream). During the readout of one set of memories the another set was accepting

data and vice versa. The memories were read out via the VME data-bus controlled by

the RIO2 processor running MBS data acquisition software [96]. An important role of

the data acquisition program was the generation of periodic interrupts, typically every

one second, used for read-out of monitoring scalers and for setting the spin flippers

controlling the beam polarization. The MBS software was also responsible for final

logging of the data on the external mass storage and for sending part of the data to a

back-end computer for on-line monitoring purposes.

The average data flow rate, defined mainly by the accepted rate of single tracks,

was of about 1 MB/s, which amounts to about 15% of maximum achievable data

throughput of the system.
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Data Analysis

The data used for the final analysis have been collected during four experimental cam-

paigns of different lengths. The experimental setup evolved, driven by the experience

gathered in each campaign. The biggest step has been made between 2004 and 2006.

Performed in this time service of the MWPCs and renewing of the scintillator ho-

doscopes were crucial for their proper operation, while new fast trigger board greatly

enhanced the efficiency of V-track selection. The final result of this experiment is

dominated by the last and the longest data collection period. The numbers and plots

quoted in this Chapter apply mainly to that period1. However, the most important

characteristics of the 2006 data are also given. All available data were consistently

analyzed in an analogous way and the obtained results are presented and used in the

calculation of the final averages.

4.1 Data reduction

One of the most important features of the data analysis is its hierarchical structure.

The raw data collected during the experiments, coded in a compact format, specific

to the individual electronic modules, were first converted to “physical” format with

simultaneous purification of the trigger conditions. All parameters specifying these

conditions were set in a way that no “good” events might be removed regardless of

their origin. This allowed to preselect interesting event classes reducing the amount

of data to be processed at the next stage of the analysis by a factor of about twelve

in the case of Mott scattering events, and by about 50% in the case of single track

events.

The second step prepared the final selection of events using even more tight con-

ditions, further reducing the amount of data but still allowing for some freedom in

1 September-December 2007.

41
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setting the most crucial parameters (listed in Section 4.8).

4.2 Calibration of scintillator hodoscopes

The energy and position calibration of hodoscopes was performed typically once a week

using conversion electrons from a 207Bi source. A movable support driving the source

in y- and z-coordinates within the symmetry plane of the detector (x = 0) between

the chambers was used to provide uniform illumination of the whole detector. Small

adjustment of the photomultiplier high voltages was performed at this moment to

restore, if necessary, gain matching between upper and lower PM of each scintillator.

The reconstructed electron trajectories allowed for identification of the hit position

along the individual scintillator and for path length dependent correction for electron

energy losses. In consequence it was possible to calibrate separately relatively short

sectors of a scintillator and the obtained energy calibration accounted for the position

(y) at which the energy (Ed) was deposited in the scintillator. The reconstructed

deposited energy E was assumed to be a linear function of the scintillator response

function (g):

E = ai(y) g(Ed, y) + bi(y), i = 1 . . . 12. (4.1)

The function g was defined for each individual scintillator sector as the geometrical

mean of the pulse heights recorded by the photomultipliers “up” and “down” (cu, cd):

g =
√
cu cd. (4.2)

With this definition, and assuming uniform effective light attenuation along the scin-

tillator, g should be proportional to the deposited energy (Ed) and should not depend

on y [97]. Small deviations from this assumption were compensated by the position

dependence of the calibration coefficients ai and bi from Eq. (4.1).

The energy resolution of each detector can be deduced from the reconstructed 207Bi

electron energy spectrum (Fig. 4.1). It roughly follows the primary photon statistics

law and amounts to 33 keV around 500 keV. The associated systematic uncertainty

has been estimated to be 5 keV.

At this point it should be stressed that this impressive achievement would not be

possible without using the information from MWPC, what allowed to obtain position

sensitive calibration. However, without special precautions, which were taken during

the design of light-guides, handling and wrapping of the scintillators, and the choice

of the right photomultiplier type, this result would not be feasible.

Using the uniform light attenuation assumption one may show that the signal

asymmetry for a given hit position y along the scintillator defined as:

r(y) = ln (cu/cd) (4.3)
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Figure 4.1: Measured 207Bi electron energy spectrum for one of the scintillators (circles)

together with its decomposition into the four most important electron conversion lines

(482, 558, 976 and 1052 keV) and a smooth background. As the estimated spread

of electron energy was well below 10 keV, the fitted widths correspond to the energy

resolution of the scintillator.

should not depend on Ed and allows to determine the effective light attenuation length

Lat:

r(y) =
2 y

Lat

. (4.4)

It should be noted that the effective light attenuation calculated in this way is not

identical to this given by the manufacturer as the scintillating material property. It is

usually much smaller and accounts for light losses at the scintillator surface, depending

on the surface quality and on geometrical factors. As for long uniform scintillator these

losses are proportional to the scintillator length, they obey the same logarithmic law

as the light absorption in medium, what motivates such common treatment of those,

physically different, processes.

Fig. 4.2 presents the y-coordinate of the hit position on the hodoscope reconstructed

from the MWPC information and plotted against the r asymmetry calculated accord-

ing to Eq. (4.3). The correlation between both observables is obvious. Large width of

the band reflects a modest position resolution of the scintillator. The average r at a

given position y was used to obtain the position calibration of an individual scintillator

Y(r). It can be noted that this calibration is not perfectly linear, what indicates some

imperfections in the scintillator uniformity.
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Figure 4.2: Position calibration Y(r) of one scintillator superimposed on the exper-

imental events distribution. An event is represented by the r asymmetry defined in

Eq. (4.3) and the hit position along the scintillator reconstructed from the MWPC

information. Nonlinearity due to nonuniform light attenuation along the scintillator

is clearly seen. Lat corresponds to the average effective light attenuation as defined in

Eq. (4.4).

This procedure allows for quasi on-line control of each individual scintillator per-

formance. The evolution of the attenuation lengths extracted from a single data files

corresponding to about 20 min. of data taking each, for one scintillator hodoscope is

shown in Fig. 4.3. Scintillator bars of worse quality (lower Latt) have been placed on

the sides of the hodoscope (only about half of their width was contained within the

active window defined by MWPC frames).
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Figure 4.3: The light attenuation lengths as a function of run number for one scin-

tillator hodoscope. For clarity S3 has been shifted up by +100 mm. The indicated

errors are statistical only. Correlated discontinuities are due to fine tuning of the

photomultiplier voltages performed once a week.

4.3 Data Selection and Event Reconstruction

The first step of the data selection procedure is a fine tuning of the time windows in

which hodoscope and MWPC hits are accepted. This reduces event contamination

with accidental coincidences. The width of the time window used for MWPC hits

(180 ns) accounts for maximum possible drift time of primary ionization electrons in

the drift cell and for time walk due to threshold discrimination method applied to the

signals of different rise times. The hodoscope time gate was 50 ns.

For a valid hodoscope hit a coincidence between photomultipliers attached to both

ends of one scintillator was required. In general only one slab responding was allowed.

The exception was made for the cases when two neighboring scintillator slabs fired.

This allowed to select electrons reaching the hodoscope almost at the two scintillators

border, which deposited their energy partially in each of the neighboring scintillators.

These events played an important role in the determination of the position resolution
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of MWPCs.

As already mentioned in Section 3.2, the information from MWPC was reduced

to the cluster centroids. The average cluster size was about 1.9 and 3 for anodes and

cathodes, respectively. Clusters consisting of more than 4 consecutive wires were con-

ditionally split after the analysis of the time information of all hit wires belonging to

this cluster. The splitting condition was tuned to select cases with two overlapping

close-by clusters. This filter was particularly important to increase the detection ef-

ficiency of V-track events. Clusters larger then 15 have been rejected as a possible

electronic noise.

Straight lines were then fitted to the obtained hit patterns, separately in anodes

and in cathodes, using a combinatorial algorithm and the minimum χ2 criterion. To

be accepted a track projection had to be detected in at least three planes. An event

was rejected if at least one complete track segment (seen in both projections) was

registered in excess to the expected number of segments. The expected number is

exactly one segment from the hit hodoscope side and, in the case of V-track events,

additionally two segments from the opposite detector side.

In order to reduce background consisting of electrons produced in the solid parts of

the detector only track segments whose prolongations were contained within the active

window of the opposite MWPC were accepted. This allowed to use two innermost

planes of the opposite chamber as a veto detector and, in consequence, to confine

significantly the volume of a real electron origin. This condition is further referred to

as the “opposite chamber veto”.

The reconstructed track segments were confronted with a set of conditions checking

the consistency of the reconstructed event. The extension of the segment reconstructed

in MWPC on the hit hodoscope side should point, within a given tolerance, to the right

scintillator slab and match the position reconstructed from the ”up-down” asymmetry

of that scintillator pulse height signals. In the case of V-track event and the detector

side which registered the Mott scattering vertex, two lines in each projection were

expected. The x-coordinate of the vertices reconstructed in both projections should

match with a tolerance given by the MWPC angular resolution. Similarly, a matching

in both projections was required between the segment reconstructed on the hit scin-

tillator side and one of the two segments from the opposite side. No scintillator hit

in the vicinity of the reconstructed vertex was allowed for a valid Mott backscattering

event.

Additional event classes, included in the analysis presented in this paper, consist of

events for which only one Mott scattering vertex was detected. Particularly interesting

are events scattered close to or in the vertical plane. For this event class the projections

of both segments in the x-z plane overlap and are reconstructed as only one line. Since
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one vertex is lacking one important matching condition (vertices x-coordinates) drops

out. Some compensation of this relaxation was achieved by increasing (from three to

four) the threshold for the minimum plane multiplicity to accept a line fitted in this

projection. This is justified since each wire along such double track collects twice as

much charge as in the normal case. It should be noted that the x-z projection was

measured by cathodes featuring significantly worse double track resolution than the

anodes. This increased the number of such events, further referred to as “vertical

single-vertex events”. These events exhibit maximal and exclusive sensitivity to R-

correlation, on the average two times higher than the primary double-vertex event

class.

For the reasons mentioned above the analogous events, with one vertex recon-

structed by cathode planes, accompanied by one track segment in anodes, are less

numerous. They are sensitive almost exclusively to the N correlation coefficient.

In the last step of the event reconstruction process each event was assigned to one

of several event sets determining its role in the further analysis. The most important

criteria are:

• external conditions: state of beam polarization and presence of the Mott target,

• event geometry based distinctions: from- and off- the beam, from- and off- the

Mott target.

The total numbers of the collected events are listed in Table 4.1 separately for all

data collection periods. Single-vertex events collected in 2003 and 2004, as statistically

meaningless, have not been analyzed.

Table 4.1: Average lead surface density of the used Mott target d and the total accu-

mulated numbers of single track events S, double vertex events V V , events with one

vertex in anodes Va, and in cathodes Vc.

Run d (µg/cm2) S× 103 V V ×103 Va×103 Vc×103

2003 1.13 ±0.16 12000 19

2004 1.13 ±0.16 43000 74

2006 2.46 ±0.05 28000 312 106 28

2007 2.46 ±0.05 334000 1750 711 248

Total 417000 2152 817 276
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All matching conditions as well as the event geometry were affected by the magnetic

field. The associated effects are discussed in the next section.

4.4 Effects of magnetic field

In order to assure the required degree of the spin holding field uniformity in the beam

fiducial volume the entire detector was immersed in almost constant magnetic field.

An immediate consequence of this fact was a special care which had to be taken in

order to screen all the used photomultipliers against the influence of this field. This has

been achieved with a double layer of mumetal shielding around each photomultiplier.

The effect of the magnetic field on the detected electrons is twofold. Their spins

precess at the Larmor frequency

ωL =
e g

2m
B (4.5)

and their trajectories are bent by the Lorenz force

F = ev × B (4.6)

so that their x-z projection becomes a sector of a circle, and the corresponding angular

frequency of the electron motion is:

ω =
e

m
B. (4.7)

For the measurement of transverse polarization of electrons those effects are potentially

dangerous, since the electron polarization is produced at the place of neutron decay

and analyzed at a distant location, namely at the position of the Mott target. However,

since the g-factor of electron is almost equal to 2, the spin precession almost exactly

follows the momentum rotation. The maximum remnant effect, due to ”g−2” factor2,

is well below one arc minute in this experiment and thus is irrelevant for the achieved

accuracy.

There are, however, other consequences of bending of the electron trajectories.

These which are important for the correlation measurement have been accounted for,

while others are discussed in order to demonstrate why they do not influence the final

result.

The deviation ρ of electron trajectory from the straight line depends very strongly

on the distance d traveled by the electron in the magnetic field. Neglecting energy

losses it can be approximated as:

ρ ≈ d tan

(

1

2
arcsin

(

d

R

))

, d < R, (4.8)

2 g − 2 = 2.31930436146(56) · 10−3 is the most precisely known physical constant [42].
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where R is the curvature radius which, for the lowest electron energy detected in

this experiment, amounts to about 3 m. From this it follows that even in the worst

case the deviation of the real trajectory from the straight line within one multiwire

proportional chamber is below 0.5 mm. Considering the average size of clusters in

cathodes (≈14 mm), such a small correction can be neglected and one can safely use

linear fit to the cluster centroids. This is, however, not the case when one considers

the prolongation of the obtained lines to the Mott target, to the scintillator or to

the opposite chamber. Then corrections to the affected observables (e.g. components

of electron momentum at the decay and at the scattering) can be substantial, but

knowing the electron energy they can be accounted for.

An exact correction would require taking into account the continuous energy losses

along the fitted segment which turn the trajectory into a part of a spiral. However,

in view of a much larger effect of electron multiple scattering and short path lengths

of the fitted segments, this correction has been simplified by using a straight line fit.

Subsequently, the line fitted in the MWPC was treated as a tangent to the circu-

lar trajectory with a radius corresponding to the average electron energy within the

considered path segment.

Surprisingly, even a weak magnetic field can have significant influence on the effi-

ciency of V-track detection. In order to understand this effect two kinds of V-tracks

must be introduced. In the following they will be referred to as “convex” and “con-

cave” (Fig. 4.4). For convex V-tracks the distance between both trajectories measured

Mott target

1

2

3

4

5

∆z =dz +2δ
5 55

∆z =dz -2δ
5 55

Figure 4.4: Convex and concave vertices. δi corresponds to the displacement of the

electron trajectory due to the magnetic field, measured along the z-axis at each wire

plane. The curvature is exaggerated to increase the visual effect.

along a wire plane (z-component) is always larger than for its concave analog. This

difference reaches its maximum in the last planes, closest to the Mott target, at the
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place where also the separation of the clusters belonging to both arms of the vertex

reaches its minimum. This causes a difference in the probability that two clusters in

the same plane will overlap and as a consequence increases the detection efficiency of

convex V-tracks while decreasing this efficiency for concave V-tracks. Of course the

same effect, however with decreasing significance, occurs also in other MWPC planes.

Another effect can be described as a focusing (for convex) or defocusing (for con-

cave) of both V-track segments on the active area of the detector opposite to the

scattering vertex side (Fig. 4.5). It acts coherently with the previous one, further

increasing (decreasing) the detection efficiency for convex (concave) V-tracks.

MWPC

scintillators

  Mott

targets

Figure 4.5: Focusing (left) and defocusing (right) of convex and concave V-tracks on

the active area of the detector opposite to the vertex side. The curvature is exaggerated

to increase the visual effect.

In order to diminish the impact of all effects induced by the spin holding magnetic

field its magnitude has been reduced from 1 mT, used between 2003 and 2006, to

0.45 mT in the 2007 data taking period. Nevertheless the effects persist and can

readily be observed as will be shown in the next Section and in Fig. 4.22. Since the

correlation coefficients, which are the subject of this measurement, are calculated using

neutron spin asymmetries, the relative number of concave and convex V-track events

is irrelevant for the present experiment.

4.5 Background correction

Two kinds of background have been identified and taken into account and corrected

for. The first, further referred to as the “off-beam” background is present in both,

single track and V-track event classes, while the second, “foil-out” background, affects

only the V-track events.
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In the case of “off-beam” background the number of background counts, i.e. the

number of electrons not originating from free neutron decay, was determined by com-

paring energy spectra of two mutually exclusive event classes (Fig. 4.6):

z

y
x

MWPCs

  Scintillator

hodoscopes

neutron beam

      pro�le

B

Figure 4.6: A visualization of “from-” and “off-beam” V-track events (solid and dashed

line, respectively) shown on a schematic front view of the experimental setup. The

dotted lines illustrate the prolongations of the V-tracks “short arms” to the opposite

detector.

• events for which the reconstructed initial electron direction crossed the neutron

beam (“from beam”),

• events for which the electron origin was outside the neutron beam (“off beam”).

The procedure relies on the assumption that the spectral shape of the background is

the same for both event classes, while the characteristic neutron β-decay spectrum with

the end-point energy of 782 keV is present only in the “from-beam” class (Fig. 4.7).

This allows to scale the “off-beam” background distribution B(E) such that it matches

the high energy part of the “from-beam” energy spectrum S(E) and then to apply the

following formula to extract the number of events corresponding to the decay of free
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Figure 4.7: Energy distributions of signal (green) and background contributions (red),

integrated over the whole detector, for single-track (left) and double vertex (right)

event classes. The filled areas correspond to the signal energy range used in the final

analysis.

neutrons:

N = SLE − SHE

BHE

·BLE, (4.9)

where the subscripts LE and HE refer to the low and high energy ranges, respectively.

For the optimal operation of this procedure, the “off-beam” range has to be care-

fully chosen in both: inclination angle and extrapolated origin of the tracks on the

opposite detector side [80]. These conditions have to account for the angular reso-

lution of MWPC, the beam density distribution and its divergence. From the above

mentioned reasons it is clear that the background subtraction has to follow the spatial

classification of events used in the analysis. This conclusion can be confirmed by the

observed in Fig. 4.8 dependence of the scaling factor SHE/BHE introduced in Eq. (4.9)

on the α defined as the angle between the electron scattering and the neutron decay

planes3 and used for binning of the V-track data. Beside small effects resulting from

residual left-right and up-down asymmetries of the setup, the main source of this de-

pendence can be traced back to the magnetic field influence mentioned in the previous

section.

Figure 4.9 shows the position distributions of the electron origins extrapolated to

the first plane of the MWPC on the side opposite to the scattering vertex, for the

“from-” and “off-beam” event classes, separately for both detector sides. All distri-

butions are “up-down” symmetric (in y-component). Noticeable “forward-backward”

3 For the full definition of α angle see page 65.
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Figure 4.8: Scaling factors (used to normalize “off-beam” spectra) as a function of the

α angle. Observed systematic dependence is an effect of the magnetic field influence.

asymmetry (z-component) is due to the mentioned above difference between concave

and convex V-track detection efficiency caused by the magnetic field influence. Ab-

sence of events in the central region of the “off-beam” distributions is due to the

horizontal neutron beam orientation.

Eight rectangular regions, indicated in each plot, have been defined to investigate

the spectral shape of energy distributions for events originating from different detec-

tor regions. A real difference can be expected between two kinds of regions: those

corresponding to the chamber interior (Iu, Id) and those acquiring background from

chamber frames (all others). The obtained energy spectra for both, “from-” and “off-

beam” event classes for one Mott target are shown in Figs. 4.10 and 4.11. In order to

facilitate the comparison each spectrum has been divided into four regions and the in-

tegral of each region, normalized to the integral of the highest energy region, has been

listed in the corresponding energy region. It can be easily observed that the spectral

shape of the background is almost independent on the event origin. On the contrary,

significant differences are observed in the “from-beam” event class. This picture is con-

sistent with the different detection efficiency of concave and convex V-tracks caused by

the magnetic field influence and the assumption that most of the background events

are accidental coincidences of two single tracks and not a real, backscattered from the

Mott target, V-tracks. It should be stressed here again that, since the correlation co-

efficients N and R are calculated using neutron spin asymmetries, the relative number
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Figure 4.9: Position distributions of extrapolated to the opposite detector electron

origins for the “from-” (upper panels) and “off-beam” (lower panels) V-track events.

Left and right sides correspond to events backscattered from the 1’st and 2’nd Mott

target, respectively.

of concave and convex V-track events is irrelevant for the present experiment.

A better signal to background ratio obtained for single track events in Fig. 4.7 can

be attributed to their much higher number, what allowed for a much tighter setting

of all geometrical cuts4.

Validity of this background subtraction method was verified by comparing

background-corrected energy spectra of single track events with theoretical β-decay

spectra in which energy losses and detector resolution were taken into account.

Such a comparison is shown in Fig. 4.12a for the single track events and in Fig. 4.12b

for the Mott scattering events. In the latter case the modification of the β spectrum

4 Geometrical cuts for single track event class include parameters equivalent to y1max
, z1max

, y2max
,

but also the definition of the “opposite chamber veto” window (see page 46), minimal distance to the

MWPC frames and the threshold of χ2-criterion applied to accept a track segment.
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Figure 4.10: Electron energy spectra corresponding to different regions of electron

origins at the opposite detector (defined in Fig. 4.9) for the “from-beam” V-track

event class. Significant differences between different regions are clearly visible. See

text for explanation of quoted numbers.

induced by the energy and angular dependence of the Mott scattering cross section

is clearly visible. Electronic thresholds are not included in the simulation — this is

why the measured and simulated distributions do not match at the low energy side.

Matching at the high energy side is, however, near to perfect for single track events

(Fig. 4.13). Due to larger energy loss uncertainty (in particular determination of the

depth at which the Mott scattering took place within the lead scatterer is far beyond

the accuracy of any conceivable electron tracking) the analogous comparison is not

instructive in the case of electron backscattered events.

Lack of two important matching conditions is the reason of worse signal-to-

background ratio observed in the single vertex event classes (Fig. 4.14). The difference

between events with vertex reconstructed in cathodes and anodes can be explained by
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Figure 4.11: Electron energy spectra corresponding to different regions of electron

origins at the opposite detector (defined in Fig. 4.9) for the “off-beam” V-track event

class. Spectral shape of all distributions is almost identical. See text for explanation

of quoted numbers.

better double track resolution of anodes and by the horizontal geometry of the beam.

The same background type can be observed in the y-projection of position distri-

butions of the extrapolated origins of low and high energy electrons. As the electron

origin the crossing point of its trajectory and the symmetry plane of the detector

(x = 0) was taken. Such approximation is justified by a narrow beam size along the x-

coordinate (±2 cm) defined by 6Li beam collimator. Clear profile of the neutron beam

can be recognized in the position distributions of low energy electrons (E < 782 keV)

in contrast to the distribution of events with higher energies (Fig. 4.15). Significant

difference of background distribution of the double-vertex event class as compared to

the case of single-track events can be explained by tighter setting of geometrical cuts

for single-track events and by the dependence of V-track detection efficiency on the
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Figure 4.12: Background-corrected experimental energy distributions (shaded areas)

of (a) single-track and (b) V-track events compared with simulations.
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Figure 4.13: Detailed view of the energy distributions of “from-” and “off-beam”

single track events in the vicinity of the electron end point energy for a defined range

of electron emission angles. The agreement between the measured (solid line) and

simulated (full circles) distributions is near to perfect.

Mott scattering angle θ. As already discussed, for more acute vertices the probability

of cluster overlap increases what in consequence enhances the contribution of events

with more obtuse vertices, originating off the beam volume.

The above argument does not apply to events with single vertex in cathodes

(Fig. 4.16). In this case the shape of background resembles that of single tracks,

but the signal to background ratio is much worse than for events for which only one
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Figure 4.14: Energy distributions of signal (light green) and background (red) contri-

butions for single vertex events in anodes and cathodes (left and right, respectively).
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Figure 4.15: Beam profiles seen in the position distributions of the extrapolated elec-

tron origins for single-track (left) and V-track events (right), for low and high electron

energies.

vertex was reconstructed in anodes. This can be explained by the beam fiducial vol-

ume geometry which is well defined in vertical direction (±90 mm) while the horizontal

limits are fixed only as a compromise between striving to enhance statistics and to

minimize background of electrons originating from the MWPC frames.

In the case of V-track events, beside the background discussed above, events for

which backscattering took place in the surrounding of the Mott target account for an
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Figure 4.16: Beam profiles seen in the position distributions of the extrapolated elec-

tron origins for events with single-vertex in anodes (left) and cathodes (right), for low

and high electron emission energies.

additional source of background. Fig. 4.17 presents distributions of the reconstructed

x-component of the vertex positions for the data collected with and without Mott

target. The “foil-out” distributions have been scaled appropriately by a factor deduced

from the accumulated neutron beam for each setting of the Mott scatterer.

The “foil-in” distributions clearly peak at the Mott target position. The broad

maxima observed in “foil-out” distributions can be explained by backscattering on the

MWPC material (mainly on Ni-Cr wires and the aluminized exit window) and on the

scintillator hodoscope (wrapping of the scintillator). Very good signal to background

ratio observed for double-vertex events (≈ 23) decreases for single vertex events to

reach its minimum for events with a single-vertex in cathodes (≈ 9). Sharp struc-

tures seen in the distributions of single-vertex events, for |x| < 200 are due to an

artifact of the reconstruction procedure caused by grouping of clusters at individual

wire positions.

More detailed discussion concerning the identification of the background sources

in the experimental setup can be found in [98].

4.6 Beta decay asymmetry

To extract the average beam polarization P the following asymmetries were analyzed:

E (β, γ) =
N+(β, γ) −N−(β, γ)

N+(β, γ) +N−(β, γ)
, (4.10)
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Figure 4.17: Foil-out background contributions (dark red) to the vertex x-coordinate

position distributions of V-track events for left and right detector side (left and right

panels, respectively), separately for events with two vertices (top panels) and events

with only one vertex (reconstructed in anodes – middle and in cathodes – bottom

panels). The arrows indicate the Mott foil position.

where N± are experimental, background corrected numbers of counts of single-tracks,

sorted into 4 bins of the electron velocity normalized to the speed of light β = v/c

and 11 bins of the electron emission angle γ with respect to the neutron polarization

direction. Considering only the relevant terms in Eq. (2.32), N± can be written as:

N± (β, γ) = N0 ǫ
±[1 + η±AP · β F(β, γ)], (4.11)

where the sign in superscripts reflects the beam polarization direction and βF is a kine-

matical factor corresponding to the average z-component of the electron momentum

in a given bin of β and γ:

βF(β, γ) = 〈ve

c
· ŷ〉β,γ. (4.12)

The η± account for the spin flipper efficiency. For the case with spin flipper switched

off one has η−≡1 (original polarization is fully maintained), whereas in the opposite
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case η+ = −1 + η, where η ≈ 0.0114 which means that only very small fraction of all

neutrons did not reversed their spin after passage of the spin flipper. The magnitude

of this effect has been investigated in a dedicated experiment [34]. Factors ǫ± account

for the influence of spin flipper operation on the detection efficiency of single track

events. The radio frequency associated with the spin flipper operation, propagating

via electrical grounding and in the air via the beam line volume, increases slightly the

noise level observed on the wires of MWPCs and in the hodoscopes. This increases

the dead time and decreases the reconstruction efficiency. Similarly as in the previous

case ǫ−≡1 and ǫ+ = 1−ǫ is close to, but less than one. The actual value of ǫ (≈ 0.004)

can be calculated from the total numbers of single track events accumulated in each

beam polarization state and corrected for corresponding beam intensity. This effect is

also seen as a small negative offset of all experimental points in Fig. 4.18. With the

above definitions, applying first order Taylor expansion in very small ǫ, η and second

order in the term P Aβ F(β, γ), which can reach slightly larger values (up to ≈ 0.022)

Eq. (4.10) reads:

E (β, γ) = (1− η/2)P Aβ F(β, γ) − ǫ/2. (4.13)

Figure 4.18 shows the obtained E as a function of β F for different electron energy

ranges. Taking A as a constant known with very good precision, the average neutron

polarization can be obtained form a one-parameter fit of Eq. (4.13) to the experimental

data.

It should be noted that in the background correction procedure a special care

was taken to ensure that the background distributions do not depend on the beam

polarization state (whether it was up or down). The spin-up/spin-down asymmetries

of the events not originating from the beam volume (Fig. 4.18, open symbols) as well

as of the events corresponding to electron energy higher than electron end point energy

in neutron β-decay (Fig. 4.26) are consistent with zero polarization and do not depend

on γ angle. This observation is in accordance with lack of reasonable mechanism able

to produce polarization or transfer polarization from neutron beam to the mentioned

above background events.

The average neutron polarization values for the four data taking periods are col-

lected in Table 4.2. A low polarization for the 2004 data set can be traced back to a

bug in the guiding field found post factum. This incident additionally motivated ne-

cessity of quasi online monitoring of the beam polarization realized in 2006 and 2007

runs. More details concerning the analysis of single track events collected in 2006 can

be found in [99].

The electron emission asymmetry should also be observed in the Mott scattered

event classes. Due to much lower statistics of those events, the extracted beam po-

larization is much less precise. Nevertheless it is in a satisfactory agreement with the
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Figure 4.18: Asymmetry E , Eq. (4.13), of signal (full symbols) and background (open

symbols) as a function of β̄ ·F̄ for different electron energy ranges of events registered

at one detector side. The fit of Eq. (4.13) to the data allows to extract the neutron

beam polarization. The tiny negative shift of all E values is due to the spin flipper

influence on the detection efficiency ǫ+.

single track result (Tab. 4.2).

For the longest 2007 data taking period an independent analysis of the beam po-

larization has been performed. This approach used the same asymmetries as defined

in Eq. (4.10), however, with different binning. In this case the single track events

were sorted in only 2 bins in γ (electron emission into lower and upper hemispheres)

but additionally in 2787 time bins (half an hour each). What made such an analysis
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Table 4.2: Summary of neutron beam polarization analysis. Polarization values de-

duced from single track data (P ), and from double and single vertex event classes

(PV V , PV , respectively).

Run P × 102 PV V × 102 PV × 102

2003 80.3±1.3±1.6 71.8±9.4±1.6

2004 44.2±0.4±1.5 48.7±8.3±1.5

2006 80.0±1.0±1.5 82.9±3.9±1.5 74.1±9.5±1.5

2007 77.4±0.2±0.7 78.7±1.7±1.2 79.9±3.0±1.2

possible was a precise time stamping of the data. This procedure allowed to search

for a possible time dependence of the extracted polarization, including daily or side-

real modulations of different observables and provided a consistency check with the

previous analysis.

A constant value fit to the data (Fig. 4.19) results in an average polarization of 0.773

± 0.002 which is in a satisfactory agreement with the previous method. Considering

only the statistical errors, the χ2 per degree of freedom of this fit amounts to 0.94,

which is consistent with a normal distribution of the measured values.

Two-parameter, linear fit to the data agrees, within the 2 sigma limit, with a

constant polarization, giving the slope:

∆P/∆t = (−1.7 ± 0.9) · 10−9 [1/s]. (4.14)

The obtained negative value of this parameter may suggest slow deterioration of the

beam polarization with time, what would be consistent with the average polarization

values obtained in 2006 and 2007 (see Tab. 4.2). More conclusive statement would

require a dedicated study with a much longer time base.

In order to search for possible daily modulations in the extracted polarization

the time series from Fig. 4.19 has been folded to one day period (modulo 48) and

transformed by the Discrete Fourier Transform. The obtained results are presented in

Fig. 4.19 (see also [37] for impact of this analysis on some Lorenz invariance violating

parameters). In case of a white noise distribution 95% of the data points should lay

below the horizontal line indicated in this figure. As this condition is clearly fulfilled

by the data, one may state that no significant time dependence has been observed

within about 3 months of the 2007 data collection period.
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Figure 4.19: Time series of polarization extracted form the analysis of single tracks

sorted in 2787 time bins (top panel). The longer breaks correspond to no-beam periods.

Below: the obtained polarization distribution (left) and discrete Fourier transform of

this time series.

4.7 Correlation coefficients R and N

For the analysis of the transverse electron polarization and determination of the asso-

ciated with its components correlation coefficients the well known method of backward

Mott scattering was applied. Parity and time reversal conservation of the spin-orbit

force responsible for the spin dependence of this electromagnetic process guarantees

exclusive sensitivity to the transverse polarization component perpendicular to the

scattering plane. Technically, this can be expressed by the following substitution:

~σ → S(E, θ) n̂, (4.15)
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where S is the effective analyzing power of the Mott-scatterer which, for a given target

element, depends on the electron energy E and on the scattering angle θ, and n̂ is a

unit vector perpendicular to the Mott-scattering plane (see Fig. 4.20).

p
ep s

J,  y

m = J pe

n = pe psα

γ

π−θ

Figure 4.20: Definition of angles relevant when considering the analysis of the trans-

verse electron polarization with Mott scattering. J is the neutron spin and pe, ps are

incident and scattered electron momenta, respectively.

Applying this substitution to Eq. (2.32) the background-corrected experimental

numbers of counts of V-track events n± can be expressed as:

n± = n0 ǫ
±
V

{

1 + η±P
[

Aβ F(α) + NSG(α) + RβSH(α)
]

}

. (4.16)

The sign in superscripts reflects the beam polarization direction, the meaning of ǫ±
V

and η± is the same as in the case of single track events, Eq. (4.11), and the kinematical

factors F̄(α), Ḡ(α) and H̄(α) represent the average values of the quantities Ĵ · p̂, Ĵ · n̂
and Ĵ · p̂ × n̂, respectively. The bar over a term indicates event-by-event averaging.

In order to fully exploit the symmetry properties of the physical problem and of the

experimental setup all those quantities where sorted into 12 bins of α, defined as the

angle between the electron scattering and the neutron decay planes (i.e. between

vectors m and n in Fig. 4.20). Obtained distributions are shown in Fig. 4.21.

The α-angle distribution of n+ +n− for both classes of the analyzed V-tracks is

shown in Fig. 4.22. Deep minima around integer multiplicities of π/2 in the distribution

of double vertex events, reflect rectangular geometry of the MWPC and are mainly

created by limited double track resolution of anodes and cathodes. Significantly lower

intensity at negative values of α (corresponding to concave V-tracks) is due to the

magnetic field influence on the V-track detection efficiency, discussed in Section 4.4.

Continuous distribution of n++n− for ”vertical” single-vertex events (Va) is entirely

an effect of the for magnetic field. Without this only two discrete values (0 and π)

would be possible (all relevant vectors pe, ps and J are coplanar in this case).
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Figure 4.21: Average geometrical (F̄ , Ḡ, H̄) and kinematical (β̄, S̄) factors as a

function of α for double and single vertex events (open and full symbols, respectively).

Dotted lines are to guide the eye only.

Two different approaches have been used to obtain N and R correlation coeffi-

cients. The first one, presented in the next section, can be applied to both V-track

event classes: events with full geometrical information and those with only one ver-

tex. Results of this approach were adopted as the final result of this experiment. The

second approach allows to extract N and R coefficients separately from a dedicated

double ratios. It requires, however, the assumption that the experimental data are

symmetric with respect to the transformation α′ → −α. This requirement is dras-

tically violated by the influence of the spin holding magnetic field in the case of the

“vertical” V-track event class5, but also, to a much smaller extent, in the case of events

with full geometrical information. In consequence, this analysis has been applied only

to the later event class as a consistency check.

5 Relevant for the R correlation.
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Figure 4.22: The α-angle distributions (n++n−) of the analyzed double vertex events

(VV ), events with only one vertex reconstructed in anodes (Va) and cathodes (Vc).

Lower intensity at negative α angles is due to the magnetic field influence on the

V-track detection efficiency.

4.7.1 Correlation coefficients R and N from asymmetry

To extract the N and R correlation coefficients the following set of asymmetries was

considered:

A (α) =
n+ (α) − n− (α)

n+ (α) + n− (α)
. (4.17)

Using Eq. (4.16) and applying first order Taylor expansion in small quantities (η, ǫ
V

,

but also terms RSβH and NSG, and second order Taylor expansion in the largest

term PAβF one obtains:

A (α) = P (1 − η/2)
[

AβF(α) +

NS(α)G(α) +RS(α)βH(α)
]

− ǫ
V
/2. (4.18)

The term PAβF accounts for a nonuniform illumination of the Mott foil due to the

β-decay asymmetry. Since βF is known precisely from the event-by-event averaging

and since the value of the beta decay asymmetry A = −0.1173 ± 0.0013 is known

precisely from independent experiments, the uncertainty of this term is dominated

by the error of the average beam polarization P . It is interesting to note that the

functions Ḡ and H̄ follow quite closely sine and cosine functions, respectively, and
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Figure 4.23: Experimental asymmetry A corrected for the PAβF term as a function

of α for 2007 (top) and 2006 data (bottom panel). Solid lines illustrate the two-

parameter (N , R) least-square fit to the data using experimental form factors Ḡ, H̄, β̄

and S̄. Indicated errors are of only statistical nature. Relatively large weights of points

corresponding to the Va event class are due to large number of events in a single bin

and large values of form factor H(α) for events from this class. Note different scales

in both panels.

are almost orthogonal to each other. As a mathematical consequence the covariance

matrix of the two parameter fit used to obtain the N and R correlation coefficients is

almost diagonal, with the correlation coefficient corr(R,N) ≈ 0.007.

Two-parameter fits of the experimental asymmetries A, corrected for the PAβF
term, to the experimental data collected in 2006 and 2007 are shown in Fig. 4.23. The

R and N coefficient values extracted in this way from all data sets are listed in Table
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4.3. It is worth to notice that large significance of Va event class for R measurement,

exceeding pure statistical effect, is connected with large values of form factor H for

events belonging to this class (Fig. 4.21).

4.7.2 Correlation coefficients R and N from double ratios

From the approximate symmetry of the detector with respect to the transformation

α → −α it follows that β̄, S̄ and the factors F̄ , H̄ are almost symmetric, while Ḡ is

almost antisymmetric function of α (see Fig. 4.21). Applying these properties and the

definition of quantities n±, Eq. (4.16), one observes that the double ratio defined as

Q(α) =
(r(α)−1)

(r(α)+1)
, (4.19)

where

r(α) =

√

n+(α)n−(−α)

n−(α)n+(−α)
, (4.20)

allows to extract the N correlation coefficient according to the formula:

N ≈ Q ·
1 − 1

2

[

(1 − η/2)PAβF
]2

(1 − η/2)PS G
. (4.21)

The advantage of this method is that the effect associated with the term PAβF is

suppressed by a factor of about 60 as compared to the method based on Eq. (4.18).

Ratio Q is also not sensitive to the spin flipper related modulation of the detection

efficiency. Fig. 4.24 shows the obtained N correlation coefficients as a function of

α angle with the fitted average values of N for the double-vertex event class. A

good agreement between the N values obtained in both ways (see Table 4.3) supports

validity of the N and R coefficient values obtained in the previous method.

An alternative way of the R correlation coefficient extraction can be based on the

analysis of another ratio:

U(α) =
(r′(α)−1)

(r′(α)+1)
, (4.22)

where:

r′(α) =

√

n−(α)n−(−α)

n+(α)n+(−α)
. (4.23)

Applying Eq. (4.16) and keeping only terms linear in small quantities (ǫ
V

, PAβF ,

PRβS G), one may show that

R ≈ U − (1 − η/2)PAβF − ǫ
V
/2

(1 − η/2)PβSH
. (4.24)
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Figure 4.24: N correlation coefficients calculated according to Eq. (4.21) for each α

bin from 2006 and 2007 data (left and right panel, respectively). Only statistical errors

are indicated.

In this method one suppresses the terms proportional to the N correlation, but sen-

sitivity to the “false” asymmetry due to the term PAβF present in the numerator of

Eq. (4.24) and to the spin flipper related modulation of the detection efficiency (ǫ
V

)

remains. Therefore there is no clear advantage over the method based on Eq. (4.18).

Moreover, as can be seen in Figure 4.22, the distribution of events with only one vertex
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Figure 4.25: R correlation coefficient calculated according to Eq. (4.24) for each α bin

from 2006 and 2007 data (left and right panel, respectively). Only statistical errors

are indicated.
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in anodes is not symmetric with respect to the transformation α→ −α. This violates

the assumption underlying the double ratio approach for R correlation which, as a

consequence, cannot be applied to the considered event class (Va). Since the above

reservation does not apply to the α angle distribution of events belonging to double-

vertex event class, the corresponding analysis of the ratio U(α) has been performed.

Fig. 4.25 shows the obtained R correlation coefficients for six α bins together with

fitted average values. All results are included in Table 4.3.

Table 4.3: Results of R and N coefficients obtained in all data collection periods.

Statistical and systematic uncertainties follow the experimental values. Where infor-

mative, χ-square of the corresponding fit is given below the fitted value. Data quality

did not allow for the use of single vertex event class for the 2003 and 2004 data sets.

Event

class 2003 2004 2006 2007

N ×103 V V 89 ±92 ±31 74 ±80 ±17 94 ±35 ±10 59 ±13 ±5

χ2/ndf 16.0/11 17.7/11 11.6/11 11.1/11

Eq. (4.18) Vc 44±109±23 51 ±32 ±14

χ2/ndf 2.3/3 3.7/3

R×103 V V -90±137±38 -135±130±30 -13 ±48 ±10 13±18±6

χ2/ndf 16.0/11 17.7/11 11.6/11 11.1/11

Eq. (4.18) Va -50 ±55 ±21 9 ±20 ±13

N ×103 V V 139±124±27 171±103±15 97 ±35 ±10 63 ±14 ±5

χ2/ndf 12.1/5 10.3/5 2.1/5 6.5/5

Eq. (4.21) Vc 53±117±23 52 ±33 ±5

R×103

Eq. (4.24) V V -55±152±42 -58±148±30 -36 ±48 ±12 -5 ±18 ±6

χ2/ndf 10.3/5 7.9/5 11.7/5 3.2/5

4.7.3 Polarization of background and unpolarized beam

An important consistency check of the analysis of the Mott scattered events relays

on the determination of the background polarization. As there was no conceivable
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mechanism which could cause such polarization the expected value is zero. To check

this presumption the asymmetries as defined in Eqs. (4.10) and (4.17) have been

calculated for events with energy larger than the neutron β-decay end-point energy

(Fig. 4.26 for single-tracks and 4.28 for V-tracks) and for events originating from

outside of the beam fiducial volume (Fig. 4.18). It turns out that within the statistical

Figure 4.26: Asymmetry E (β, γ) for single-track events with energy larger than the

neutron β-decay end-point energy, separately for left and right detector side. Constant

value fits to each set of points result in -0.0008(3) and 0.0003(3), with χ2/ndf equal

9.6/10 and 16.2/10 for left and right side, respectively. Notice the different scale as

compared to Fig. 4.18.

uncertainty they are consistent with zero. This proves that the analysis was not biased

by, for instance, the spin flipper related false asymmetry.

The same test has been performed for an unpolarized beam. In this case the

analysis differed from the regular analysis of polarized beam in only one detail - each

two consecutive spin states corresponding to one flipper “on” and one flipper “off”

periods were concatenated into a new one called “spin-up”, while the next two were

used to obtain a new “spin-down” state. This construction assures equal number of

neutrons in both spin states and hence is equivalent to using unpolarized beam (we

neglect the effect due to the spin flipper inefficiency which is beyond the statistical

accuracy of this analysis). Also in this case the asymmetries were consistent with

null polarization for single-tracks (Fig. 4.27) and also null transverse polarization of

electrons (Fig. 4.28) what strengthens the confidence in the obtained final results.
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Figure 4.27: Asymmetry E (β, γ) for single-track events and unpolarized beam for

different electron energy ranges, as specified in the panel. Both detector sides have

been added together. Constant value fit to the full set of points result in -0.00012(8),

with χ2/ndf equal 44.7/42. Notice the different scale as compared to Fig. 4.18.

4.8 Systematic errors

Systematic uncertainty involved in the evaluation of the R and N coefficients is dom-

inated by the effects introduced by the background subtraction procedure and the

choice of specific values of cuts which determine whether an individual event can be

attributed to the “signal” or to the “background” event class.

A “signal” event is defined as an electron originating from the free neutron decay

backscattered off the Pb nucleus in the Mott target. From this definition it follows that

the set of necessary conditions describing such an event must include: (i) geometrical

limitation of the beam volume, (ii) specification of the allowed energy range and (iii)

geometrical limitation of the area of the Mott target applied to the reconstructed

scattering vertex positions. As a general rule the symmetry of the detector setup has

been preserved in the definition of cuts. The single exception from this rule was made

for the beam limitation along the y coordinate in the x-z plane: the cutting line was

inclined by an angle of about 1◦ in accordance with the beam divergence. This allowed

to limit the total number of necessary parameters that can by assigned to the following
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Figure 4.28: Asymmetry A(α) for double-vertex events with energy larger than the

neutron β-decay end-point energy (open symbols), and for unpolarized beam (full

symbols).

three groups:

• “from/off beam” definition: y1max
, z1max

, y2max
,

• from/off neutron decay: ELmin
, ELmax

, EHmin
, EHmax

,

• from Mott foil: Xmin, Xmax, Wmax.

These parameters were used to classify an event as:

signal:

|y| < y1max
, |z| < z1max

,

E > ELmin
, E < ELmax

, (4.25)

Xmin > X > Xmax, |Y | < Ymax, |Z| < Zmax,

off beam background:

as above but |y| > y2max
(4.26)

high energy background:

|y| < y1max
, |z| < z1max

,

E > EHmin
, E < EHmax

, (4.27)

Xmin > X > Xmax, |Y | < Wmax, |Z| < Wmax,
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where (x=0, y, z) and (X, Y, Z) denote coordinates of the point of the electron origin

and of the Mott scattering vertex, respectively. Due to the limited accuracy of the

reconstructed energies and trajectories for each of those parameters there exists a

certain range of values which seams to be almost equivalent. In the analysis, however,

the specific values can generate slightly different final results. In order to estimate

this effect, the corresponding ranges of acceptance have been identified individually

for each parameter and the final analysis was repeated varying one parameter in its

range with all other fixed in the middle of their ranges. The maximal deviations of the

resulting R and N coefficients from the value obtained with the “nominal” parameters

were treated as maximal error (≈ 3σ). Figs. 4.29, 4.30 and 4.31 present the results of

such analysis for parameters limiting the geometrical position of the V-track origins

(y1max
, y2max

), the position of the Mott scattering vertices (Xmin, Xmax, Wmax) and

the energy definitions of events from/off neutron decay (ELmin
, ELmax

, EHmin
, EHmax

).

Contributions of all parameters to the final uncertainty, as well as their ranges used

in this analysis, are collected in Table 4.4.
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Figure 4.29: Influence of the geometrical definition of the electron origins on the

reconstructed R and N correlation coefficients. Vertical lines indicate actual values

accepted in the analysis.

It should be noted that the vertical alignment of the apparatus with respect to

the neutron beam has been verified to a precision below 1 mm using reconstructed
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Figure 4.30: Influence of the geometrical definition of the accepted scattering vertex

positions on the reconstructed R and N correlation coefficients. Vertical lines indicate

actual values accepted in the analysis.
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Figure 4.31: Influence of the energy limits applied in the energy background analysis

on the reconstructed R and N correlation coefficients. Vertical lines indicate actual

values accepted in the analysis.
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centroid of the beam profile (Figs. 4.15, 4.16). Similar precision of alignment with

respect to the magnet setup and the beam axis was maintained for all other detector

components except the Mott scattering target. Here the accuracy of positioning in

x-coordinate was of the order of ±2 mm. This is still acceptable considering vertex

reconstruction accuracy of the MWPCs (c.f. Fig. 4.17).

The next important systematic uncertainty is due to the limited accuracy of the

determination of the average beam polarization. All measured asymmetries used for

the evaluation of each correlation coefficients are proportional to the product of this co-

efficient and the beam polarization. In consequence, the relative error of the extracted

coefficient must be larger than that of the polarization.

The situation is even more difficult in the case of R correlation. With vertically

polarized neutron beam, the existence of a nonzero value of this correlation would

result in a difference between the number of electrons backscattered into the upper and

into the lower hemisphere. The same effect is generated by the beta decay asymmetry

(A correlation), appearing as a term PAβF in Eq. (4.18) or (4.24). The feature

that makes the link between the A and R correlations so special is the shape of the

corresponding average kinematical factors F̄ and H̄ (Fig. 4.21). They both exhibit the

same symmetry properties as a function of α, what means that the effects generated

by each of them are almost indistinguishable.

The cleanest, but also unpractical, way to avoid this interference would be to

confine the electron emission angle to 90o, in which case F̄ ≡ 0. With a finite accepted

solid angle one is forced to apply suitable correction in the form of the PAβF term.

Since the electron momenta after emission and after scattering are reconstructed, the

necessary kinematical factors (F̄ , Ḡ, H̄) are known to a high precision for the whole

event sample and the main effect of the applied correction is due to the uncertainty of

the neutron polarization.

To evaluate magnitude of the influence of this term on the final result, the fit with

the free parameters R and N was repeated with P varied by one standard deviation of

the total neutron polarization uncertainty (Fig. 4.32). The obtained difference enters

into the budget of the systematic errors and is presented in Table 4.4.

Despite a careful design and manufacturing of the large-volume electromagnet gen-

erating the spin holding magnetic field, the mapping of this field at experimental

position showed small misalignment with respect to the vertical direction and nonuni-

formities within the beam fiducial volume. The average effect was accounted for in

the analysis by appropriate rotation of the neutron polarization direction. A residual

systematic effect (see Table 4.4) includes the uncertainty of the field measurements

and the observed stability of ambient magnetic field at the experimental position.

Since the radio–frequency of the spin flipper was a source of additional noise in
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Figure 4.32: Dependence of the reconstructed R and N correlation coefficients on

the value of the neutron polarization. Vertical lines and shadowed areas indicate

actual value of the polarization and its 1-σ uncertainty, respectively. Strong correlation

between R and P is due to the PAβF term.

the readout electronics, tiny dead time variations correlated with the spin flipper state

were observed. Their influence on the result was corrected for. The residual effect is

included in Table 4.4.

In the final error analysis it has been assumed that all the sources contributed

independently and were added quadratically to obtain the final systematic uncertainty.
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Table 4.4: Summary of systematic errors for the 2007 data set. Shown are also ranges

in which individual parameters have been varied when determining the corresponding

uncertainties.

Source δN × 104 δR × 104

y1max
∈ (80, 95) 20 17

z1max
∈ (240, 250) 16 9

y1max
∈ (100, 120) 26 25

ELmin
∈ (200, 260) 13 11

ELmax
∈ (580, 660) 18 15

EHmin
∈ (780, 860) 5 4

EHmax
∈ (1400, 1700) 7 16

Xmin ∈ (190, 210) 11 18

Xmax ∈ (245, 265) 15 18

Wmax ∈ (210, 230) 19 23

term PAβF 6 30

effective Sherman function S̄ 13 4

guiding field misalignment 3 7

dead time variations 9 0.5

Total 54 61
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Chapter 5

Results

Table 5.1 presents the final results obtained as a weighted average of all partial results

of individual data collection campaigns listed in Table 4.3, compared to the Standard

Model predictions.

In Figs. 5.1, 5.2 and 5.3 the obtained results have been presented as exclusion

plots containing all experimental information available from nuclear and neutron beta

decays as surveyed in Ref. [53]. Figure 5.1 shows plots corresponding to the real

and imaginary parts of the normalized scalar and tensor coupling constants S and

T defined in Eqs. (2.40) and (2.41). It is evident that the present accuracy of the

determination of the N correlation coefficient does not improve the already strong

constraints from nuclear decays [53] on the real part of the couplings (left panel).

The obtained result is, however, consistent with the Standard Model and the existing

data, therefore strengthening our confidence in the validity of the extraction of the R

Table 5.1: The results obtained as an average from all data collection periods. NSM and

RSM are the SM values of the N and R coefficients calculated at the electron average

kinetic energy observed in the present experiment. Its error includes the experimen-

tal uncertainty of the decay asymmetry parameter A [42] and the uncertainty of the

underlined theoretical calculations.

Eq. (4.18) Eq. (4.21) Eq. (4.24)

NSM×103 RSM×103 N×103 R ×103 N×103 R ×103

68±1 0.6±0.006 62±12±4 4±12±5 67±11±4 -10±17±6
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Figure 5.1: Experimental bounds on the real (left) and imaginary (right) scalar vs.

tensor normalized couplings. The grey areas represent the information as defined in

Ref. [53], while the lines represent the limits resulting from the present experiment

(top panels). Decreasing line thickness as well as intensity of the grey areas correspond

to 1-, 2- and 3- sigma confidence levels. In bottom panels the obtained results have

been included in the global fit.

correlation coefficient. The bounds obtained on R, in turn, significantly constrain the

imaginary part of the scalar couplings, by a factor of almost three beyond the limits

set by all previous measurements [32, 100, 101] (right panel). Also in this case the

result is consistent with the SM (CS = C ′
S = CT = C ′

T = 0) and, in consequence,

with time-reversal invariance. Including the present results allows one to remove a

distinct ambiguity present in the former limits of the scalar coupling (Fig. 5.1, top,
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Figure 5.2: Experimental bounds on the leptoquark exchange helicity projection am-

plitudes. The grey areas represent the information as defined in Ref. [53], while the

lines represent the limits resulting from the present experiment (top panels). Decreas-

ing line thickness as well as intensity of the grey areas correspond to 1-, 2- and 3-

sigma confidence levels. In bottom panels the obtained results have been included in

the global fit.

right). The impact on the tensor coupling constants is marginal. It can be observed

that even including our results, the limits for imaginary part of scalar interaction are

significantly less stringent than these established for tensor-type interaction, based on
8Li decay experiment [33].

In Fig. 5.2 the same convention was used to illustrate the limitations (existing and
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resulting from the present work) to the helicity projection amplitudes in the leptoquark

exchange model, as defined in Ref. [4]. In this formalism FLL, fLR and HLL, hLR cor-

respond to leptoquarks with charge |Q| = 2/3 and |Q| = 1/3, respectively. Subscripts

indicate the helicity structure of the underlying interaction. Capital letters distinguish

the amplitudes corresponding to scalar (spin-zero) leptoquarks from the amplitudes

corresponding to vector (spin-one) leptoquarks, which are denoted by lower-case let-

ters. As in the previous case, only the R correlation reveals evident exclusion power

and allows to improve significantly the constrains on the imaginary part of the vector

leptoquark amplitudes (fLR + hLR).

Similar constrains can be imposed on the selectron exchange couplings λ1i1 and

λi11, Eq. (2.48), in the minimal supersymmetric standard model with R-parity vio-

lation. Following [79], the effective interaction generated by the selectron exchange

is responsible for generating the R and N correlations in neutron β-decay, with the

magnitudes as defined in Eqs. (2.52) and (2.53).
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Figure 5.3: Experimental bounds on the real vs. imaginary combined couplings of

MSSM with R-parity violation. On the left side the grey areas represent the informa-

tion as defined in Ref. [53], while the lines correspond to the limits resulting from the

present experiment. Decreasing line thickness and intensity of the grey areas corre-

spond to 1-, 2- and 3- sigma confidence levels. Right side: the obtained results have

been included in the global fit.

The presently best direct constrains for the imaginary part of scalar interaction

obtained in the presented experiment improves significantly the limits on the com-

bination of coupling constants, leading to the updated version of the exclusion plot

presented in Ref. [79] (Fig. 5.3). As in both previous cases the new result removes the
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ambiguity present in the former limits.
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Chapter 6

Conclusion and Outlook

Measurement of the two transverse polarization components of electrons emitted in

the decay of free, polarized neutrons has been carried out successfully, using the Mott

polarimetry technique. This was the first ever experimental determination of time

reversal and parity violating triple angular correlation R in the neutron β-decay and,

up to our knowledge, also the first observation of a finite value of the N correlation,

the effect of final state interaction in β-decay. The obtained results, being consistent

with the Standard Model and time reversal invariance, provide constraints for the

relative strength of exotic, imaginary part of scalar-type weak interaction that are

far beyond the limits from all previous measurements. These constraints have been

translated into the limits on time reversal violating parameters of the Standard Model

extension with leptoquark exchange and Minimal Supersymmetric Standard Model

with R-parity violation.

The most important feature of the experimental setup, which made this experiment

possible, except of high quality polarized cold neutron beam available at SINQ, was

the ability to fully reconstruct momenta of low energy electrons before and after the

backward Mott scattering, which served as an analyzer of the electron transverse polar-

ization. For this purpose a dedicated detector, characterized by a unique combination

of several special features was implemented. Though a similar concept of the detection

of electrons from neutron decay has already been applied in the measurement of the

neutron life time and the A correlation coefficient [102, 64], the present experimental

setup outperforms the former ones, allowing for much more precise reconstruction of

the electron energies and their trajectories. Special precautions, including dedicated

thickness scan of the used Mott scatterer and extensive Monte Carlo simulations of

multiple scattering related effects, have been undertaken to reliably determine the ef-

fective analyzing power of the Mott target, what allowed a credible extraction of two

correlation coefficients characterizing the neutron decay.

87
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The obtained limits are complementary to the results of other nuclear β-decay

correlation experiments. However, even including our results, the limits for scalar

interaction are less stringent than the precision that has already been established for

other exotic interactions (see e.g. Fig. 5.1 for constraints on tensor-type interaction).

In order to reach such a precision further improvement by a factor of at least three

would be required.

Considering the discussion presented in Section 3.3 and the acquired experience,

an improvement by even a factor of ten in the statistical accuracy of the determination

of R and N correlation coefficients seems to be feasible in an experiment based on the

applied here principle. The most essential prerequisite is a significant increase of the

size (particularly along the neutron beam direction) of the detector and thus of the

resulting solid angle acceptance.

Though the current uncertainty is strongly dominated by the statistics, the real

challenge of the future experiment will be connected with a corresponding reduction

of the systematic error. Important systematic effects are related to the geometrical

cuts and scale with the size of the boundaries defining the accepted solid angle. As

the significance of such boundary effects is expected to decrease with increasing solid

angle (and particularly with transition to cylindrical geometry), some reduction of the

associated systematic uncertainties can also be expected. Another important issue

for the next generation experiment would be the selection of the best suited neutron

beam. Beside the obvious characteristics like high neutron flux and polarization, the

proper choice should take into account also the beam divergence and “halo”, which

are responsible for large part of the background observed in the described experiment.

Quite new perspectives for correlation experiments in neutron decay open with

the application of newly introduced ultra-thin foil (< 100 nm) for proton detection

technique [103]. In this method low energy protons knock out several electrons from a

very thin, negatively charged, converter foil. A bunch of “postaccelerated” (25-30 keV)

electrons can be easily detected in e.g. a large size gaseous detectors. This technique

facilitates efficient detection of protons from neutron decay. Combined with electron

tracking, it enables a simultaneous measurement of many correlation coefficients, not

accessible in any of the present-day experiments. Detection in coincidence of both

electron and proton from neutron decay would provide additional very strong condi-

tion for background suppression and, as a consequence, would result in a very clean

measurement. New project employing this idea is in its development phase [104].

Precision measurements at low energy frontier, to which the reported here exper-

iment belongs, play an important and complementary role to the high energy ex-

periments. In particular they deliver valuable informations in the domain of weak

interaction, helping to address problems otherwise hardly accessible. The presented



measurement provided an important piece of the experimental information concerning

the neutron decay parameters which, recognized by the Particle Data Group, entered

the world data base of neutron properties in the Review of Particle Physics [105].
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