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Abstract

Conservation of discrete symmetries plays a fundamental role in the exploration
of physics laws in the area of elementary particle physics. CP symmetry violation
in the weak interaction was one of the first intriguing discoveries to the particle
physics community in this domain. So far, there has not been any experimental
evidence of violating discrete symmetries in the charged leptonic sector. This
Ph.D. thesis reports the explored sensitivity of testing the T, P and CP symmetries
in the charged leptonic sector using the versatile and novel detector, Jagiellonian-
Positron Emission Tomograph (J-PET), in the decay of ortho-Positronium. A
distinctive research methodology to test T, P and CP discrete symmetries in the
decay of ortho-Positronium was formulated from four experiments conducted
through 2017-2020 for 122 days. The achieved result showed no asymmetry
within the achieved sensitivity of 7�10�4.
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CHAPTER1

INTRODUCTION
This thesis concerns the tests of discrete symmetries using an unique method

based on the measurement of the expectation value of a discrete-symmetry
odd-operator constructed from the momentum and polarization direction of the
annihilation photons from the decay of ortho-Positronium [1]. This measurement
was conducted using the �rst Positron Emission Tomograph (PET) prototype
built from plastic scintillators [2–6], capable of multi-photon and positronium [7]
imaging [8].

One of the most fundamental concepts in the laws of nature leading to
conserving quantities are symmetries [9]. The invariance of a system under a
continuous symmetry transformation leads to a conservation law by Noethers'
theorem [10]. The discrete symmetries of nature such as charge conjugation
(C), parity (P) and time-reversal (T) play an important role in particle physics,
especially in calculations of the cross sections and decay rates [11,12]. Composed
symmetries, such as CP and CPT, are also considered. It was long thought that
CP was an exact symmetry in nature [13]. Since the introduction of the concept
of these fundamental discrete symmetries in microscopic systems described by
quantum mechanics by E. Wigner in 1931 [14], large efforts have been made
to test these symmetries with various systems and interactions. CP-violation
was discovered in the neutral kaon system by Christensen, Cronin, Fitch and
Turlay, in 1964 [15]. A few years later Kobayashi and Maskawa demonstrated
that a third quark generation could accommodate CP violation in the Standard
Model by a complex phase in the CKM matrix [16, 17]. Therefore, unexpected
violations of symmetries indicate some dynamical mechanism beyond the current
understanding of physics.

The CPT theorem reveals the foundation of CPT symmetry conservation
requirement, which is equivalent to usage of unitary, local and Lorentz-invariant
quantum �eld theory [18, 19]. CPT contains charge conjugation, and therefore
represents a symmetry between matter and antimatter [20]. The amount of
CP violation contained in the Standard Model appears to be insuf�cient for a
convincing explanation of the observed prevalence of matter over antimatter in the
Universe [21]. For these reasons, discrete symmetry tests remains an interesting
experimental research in fundamental physics. As mentioned before, there has
been no experimental evidence of violating the discrete symmetries in the charged
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leptonic sector [13]. T-symmetry remains to be extremely attractive because
one can reverse the direction of the motion in space but one cannot reverse the
direction of the elapsing time [22].

In order to study the P, T and CP symmetry violation, the expectation
values for the symmetry odd-operators of the non-degenerate stationary states
are investigated [23]. Since motion can be reversed, the time-reversal invariance
is often referred to as motion reversal symmetry. For such studies, the anti-
unitary character of the T-symmetry operator makes the experimental studies
of the time reversal invariance more challenging than other symmetries, since
it requires abilities of preparing the initial and �nal states of the process in a
fully controlled way [24]. So far, none of the experiments reported limits on the
discrete-symmetry violations in the decays of Positronium. The known �nal state
interactions of photons are expected to mimic the symmetry violation at the level
of 10-9 [25,26]. All of the previous investigations with Positronium, which tested
the discrete symmetries odd operators, were based on the products of photons
momenta and Positronium spin vectors [7, 26–28]. The experiment performed
as part of this thesis was conducted by taking advantage of properties of the
Jagiellonian-Positron Emission Tomograph (J-PET), which enables to determine
the momentum direction of the secondary scattered photons [1]. Therefore, using
the J-PET detector, P, T and CP symmetry was investigated by searching for the
possible non-zero expectation values of one of the operators which is constructed
using the momentum directions of the primary and secondary scattered photons
originating from the decays of the ortho-Positronium. This thesis reports an
improved experimental sensitivity of testing the P, T and CP symmetry in the
decay of ortho-Positronium atoms using the J-PET with the discrete symmetry
odd-operators [1]. The implemented experimental setup and analysis methods are
reviewed in the articles [29–33].

The theoretical principles and experimental searches of discrete symmetries
in the Positronium bound system are described in Chapter 2. The details of the
extensive experimental measurements conducted with the J-PET detector through
2017-2020 are described in Chapter 3. The signal selection method and the
reconstruction of the experimental data are described in Chapter 4. The elaborated
systematic error contribution is described in Chapter 5. The result obtained with
this experiment is in agreement with the current published result for discrete-
symmetry tests in the charged leptonic sector and is thrice more precise [28].
The obtained result shows no discrete symmetry violation visible within the
achieved accuracy. Chapter 6 summarises this experiment and describes the future
prospects of this experiment with upgraded versions of the J-PET detector.
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CHAPTER2

DISCRETE SYMMETRY
TRANSFORMATION
2.1 Continuous and Discrete Symmetries

Continuous and discrete symmetry transformations are the two forms of symmetry
transformations [10]. Continuous symmetries have parameters that can take
any value in a de�ned range [34]. Discrete symmetries, on the other hand,
are identi�ed by a set of discrete values [35]. Bilateral symmetries are
discrete symmetry transformations whose two fold operation is the same as no
operation [36]. For example, mirror re�ection is a bilateral transformation since
mirror re�ection of a mirror re�ection is as good as no re�ection as shown in the
scheme,

~X � ~X � ~X ~X

In 3-dimensions, if the mirror is kept parallel to xy-plane, then the re�ection
will reverse the direction of Z-axis while re�ection of this re�ected image
brings the Z-axis back to its initial con�guration. If we denote the bilateral
transformation operator which acts on the system S by B then we have,

B(BS) = S; (2.1)

which means for all bilateral operators, B2= 1. In the following section we will
talk about three kinds of bilateral symmetries namely, parity or spatial inversion
(P), charge conjugation (C) and time reversal (T) [37].
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2.1.1 Parity - The Left-Right Symmetry, P
Parity transformation refers to the inversion of spatial co-ordinates with respect to
the origin, i.e.,

~X �! � ~X: (2.2)

Hence, parity is a bilateral transformation [38]. Parity is also called left-right
symmetry. Under parity operation P, a functionf(~X) transforms tof(-~X), and if
these two functions are the same up to a sign then the functionf(~X) will be said to
have de�nite parity [39].
For example,

cos(x) P�! cos(� x) = cos(x); even parity; (2.3)

sin(x) P�! sin(� x) = � sin(x); odd parity: (2.4)

If f(� ~X) andf(~X) are of different forms then the function does not have de�nite
parity. The solutions of parity symmetric physical equations may be of de�nite
parity. In the context of elementary particle physics it becomes necessary to assign
such parity quantum numbers to particle states (wave functions) [37]. The parity
of the wave function of a single particle state is called its intrinsic parity [40].

The Wu experiment was a particle and nuclear physics experiment carried out
by Chien-Shiung Wu, a Chinese American physicist, in partnership with the US
National Bureau of Standards' Low Temperature Group in 1956 [38]. The goal of
the experiment was to see if conservation of parity (P-conservation), which had
previously been proven in electromagnetic and strong interactions, was also true
for weak interactions. The weak interaction was found to violate conservation
of parity (P-violation) in the experiment. The physics world had not expected
this conclusion because parity had previously been thought to be a preserved
quantity [41].

2.1.2 Charge Conjugation - C
An operation that changes the sign of the charge is called charge conjugation,

Cjpi = j p̄i : (2.5)

Symmetry under C implies that interaction of two particles is independent of the
sign of their internal quantum numbers and charge [42, 43]. In other words,
this symmetry implies interaction of two particles is exactly identical to the
interaction of the corresponding antiparticles. Mills and Berko [44] examined
C-Symmetry with the annihilation mode (1S0 ! 3g) experimentally in 1967. In
the situation of three photons emerging symmetrically in the Positronium centre
of mass frame (photons emission relative angles equal to 120� , 120� , 120� ), the
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C-non-conserving1S0 ! 3g rate must vanish, regardless of the anticipated shape
of the C-non-conserving interaction [45]. Mills and Berko looked at the count
rate of three photons in three different angle orientations. The branching ratio R
of 1S0 ! 3g decays 3g/2g was estimated with the best limit so far (R = 2.6� 10-6

at 68% con�dence level [44]).

2.1.3 Time Reversal - T
Reversal in time implies reversing the direction of the time coordinate, i.e.,

t T�! � t: (2.6)

Symmetry of a physical system under time reversal simply means that all the
processes in the system are reversible [46]. Physical systems involving only
strong and electromagnetic interactions are symmetric under all three bilateral
transformations listed above. But in nature, other types of interactions, namely,
weak and gravitational interactions, exist. Weak interactions are known to violate
P as well as T as it will be discussed in the next sections [9,25,26].

2.1.4 CPT Theorem
All the known forces or interactions of nature can be traced to four fundamental
interactions, namely, gravitational, electromagnetic, strong, and weak. If we take
the whole universe as one system, which involves all four kinds of interactions,
then surely the system is not symmetric under P, C and T separately because the
system violates all three symmetries. Then one may ask, "Is the system symmetric
under certain combinations of these transformations?" to which the answer turns
out to be "yes". Under the combined operation of all three transformations
physical laws remain unchanged. More accurately, invariance under the combined
action of C, P and T is a consequence of Lorentz invariance, locality and unitarity
of the laws of physics also known as the CPT theorem. Certain consequences of
this theorem are:

• the mass of a particle and its anti-particle are exactly the same,

• the total life-time,Dt, of an unstable particle and its anti-particle are exactly
the same,

• the magnetic moment is equal and opposite for particle and anti-particle.

For example, masses of electron and positron are exactly same, the life-time of
K+ is same as that of K-, etc. Till date all the tests for CPT violation have yielded
negative results [13].
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2.2 Experimental Tests of CP-Symmetry

In the weak interactions, P and C are maximally violated simultaneously, such that
the system is symmetric under the combined operation of CP. This is clear from
the way fermions transform under P and C operations. In nature only left-handed
neutrino (nL) and right-handed anti-neutrino (nR) exist, which are CP transforms
of each other. Hence, earlier it was thought that though weak interactions violate
P and C they still possess CP-symmetry. In 1964, Christenson, Cronin, Fitch and
Turlay observed that decay of neutral kaon violating CP -symmetry [47]. Neutral
kaons, K0 andK̄0, are produced, for example, in pion-proton collisions via strong
interaction,

p-p �! K0L (2.7)

p+p �! K̄0K+p (2.8)

and they decay primarily to two-pion and three-pion �nal states via the weak
interaction with two different life-times. Based on the life-times of decays in to
these modes, kaons were renamed as K-short (t KS = 0.89 × 10-10sec) and K-long
(t KL = 5.17 × 10-8sec). By conservation of angular momentum and intrinsic parity
of pion, it is clear that the two-pion state,j2pi , has CP = +1 and the three-pion
state,j3pi , has CP =� 1. This implies thatjK0i andjK̄0i are not CP eigenstates,
and in fact they transform into each other under CP operation i.e.,

jK0i CP�! j K̄0i (2.9)

With this property of neutral kaon states the CP eigenstates can be formed as the
following linear superpositions,

jK0
1i =

1
p

2
(jK0i + jK̄0i CP= + 1 (2.10)

jK0
2i =

1
p

2
(jK0i � j K̄0i CP= � 1: (2.11)

Earlier K0
1 (K0

2) was identi�ed as KS (KL), which decays to two (three)-pion or
CP-even (odd) state, and CP is conserved. But it was observed that KL also decays
into two-pions, which is CP-even and hence CP is violated. If we take a beam of
K0, which is produced by strong interactions, and which can be written as linear
superposition of KL and KS , then the two-pion decay mode of KL will interfere
with that of KS as a function of time. Further, according to CPT-theorem, CP
violation implies T violation, but there is no direct evidence for it in neutral kaon
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system. Thus, the source of CP violation is not yet clear and the phenomenon
needs better understanding as it may have been responsible for the net baryon
number of the present day Universe [9].

2.3 Experimental Tests of Time-Reversal Symmetry

Soon after the discovery of parity violation in experiments following the
suggestions of Yang and Lee [48] many physicists considered the possibility of
violation of the other discrete symmetries that were discussed earlier. The great
Russian physicist L. D. Landau considered the possibility of elementary particles
possessing a non-vanishing electric dipole moment (EDM) which would imply
the violation of T-reversal invariance [49]. Note however that a complex system
like a water molecule does possess an EDM, but this does not come into con�ict
with T- reversal invariance. There are many atomic systems in which the EDM
of elementary particles such as neutrons or electrons can manifest themselves.
However, these EDM appear to be very small quantities and there has been
no detection of such effects. This implies that experiments must seek higher
levels of precision before they can announce a discovery, and it also implies that
theoretical scenarios which predict large values of EDM can be constrained or
ruled out by the non-observation of EDM. The Standard Model of the electro-
weak interaction gives a contribution to the neutron EDM of the order of 10-31 to
10-33 e cm which, because it is second order in the weak interaction coupling
constant, is very small [22]. Rutherford Appleton Laboratories implements a
speci�c technique based on ultra-cold neutrons, where, nuclear reactors serve as
copious sources of neutrons which are used for a variety of experiments. Normally
these neutrons emerge with a kinetic energy of about 1/40 eV, and are called
thermal neutrons. In order to carry out very precise measurements of static and
other properties of neutrons, it is necessary to slow them down to very low kinetic
energies of the order 10-7 eV or even less. Such neutrons are called ultra-cold
neutrons and provide an opportunity to carry out highly precise experiments. “The
Ramsey resonance technique” can be used to measure with very high precision
the precession frequency of ultracold neutrons in a weak magnetic �eld [50]. The
precession frequency will change in the presence of an electric �eld if the neutron
has an EDM. The most recent result give an upper bound of the order of dn �
10-26 e cm [51].
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2.4 Other Experimental Searches with o-Ps

Interaction between electron-positron pair leads to direct annihilation into photons
or creation of a bound state called Positronium [37]. Depending on Positronium's
quantum mechanical state, this system decays by the annihilation ofe+ ande- into
photons depending on Positronium's quantum mechanical statejF n,l,m(~r)|S,Szi ,
where the orbital wave functionF is the hydrogen atom wave function with the
electron mass replaced by the reduced mass of the electron-positron pair and
where n, l, and m are the usual principle, orbital and magnetic quantum numbers,
respectively [52]. The spin is a linear combination of electron and positron spins,
of which there are four possibilities:

jS= 1;Sz = 1i = j"i j"i ;
jS= 1;Sz = 0i = 1p

2
(j"i j#i + j#i j"i );

jS= 1;Sz = � 1i = j#i j#i ;
jS= 0;Sz = 0i = 1p

2
(j"i j#i � j#i j"i );

(2.12)

where j"i and j#i denote Sz = +1
2 and Sz = -1

2 for a single electron
(positron) [37, 53]. The triplet state is called ortho-Positronium, while anti-
aligned singlet state is called para-Positronium [54]. Constrained by conservation
laws, the ortho-Positronium state can annihilate only to an odd number of
photons, while the para-Positronium state can decay only to an even number of
photons [52]. In practice, �nal states with larger photon numbers are suppressed
by few orders of magnitude and the Positronium annihilations are dominated by
p� Ps! 2g ando� Ps! 3g [55]. The inverse of the decay rates give the mean
lifetimes of the states in vacuum:

t o� Ps = 142ns;
t p� Ps = 0:125ns:

(2.13)

Positronium is a purely leptonic state which allows to determine its properties
using quantum electrodynamics alone [9, 37, 52]. Thus, Positronium annihilation
into photons can be used for tests of discrete symmetries tests involving
correlations of photons momenta originating form o-Ps annihilation. [1,26].

2.4.1 CP searches with o-Ps
In 1973, Kobayashi and Maskawa [17] addressed CP violation in quark systems
by pointing to the presence of the complex phase in the quark transition matrix,
expanding on Cabibbo's [56] model and implying the existence of three quark
generations (at those days only up, down and strange quarks were known but
indeed charm, bottom, and top quarks were discovered later). In 2008, Kobayashi
and Maskawa were awarded the Nobel Prize for this prediction. Sakharov [43]
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has argued that the violations of C and CP symmetries are necessary requirements
for the explanation of the observed excess of matter over anti-matter. However,
the presently known sources of the CP symmetry violations are still by far too
small and can account for only about 10-9 fraction of the observed excess of
matter over anti-matter [57]. Therefore, many particle physics experiments search
for CP symmetry violation effects in hadrons [58, 59]. Other experiments are
testing the CP-symmetry violation in processes using purely leptonic systems at
the same time [60, 61]. The most recent experiment testing the CP-symmetry
in the charged leptonic sector was conducted in the University of Tokyo and
reports the present best upper limit on the CP violation in the decays of ortho-
Positronium (triplet state of the Positronium) atoms [28]. If CP is violated in the
lepton sector, such neutral systems (e.g. Ps, muonium) are good test candidates
since the admixture of opposite CP eigenstates will occur. The experimental
setup used a 1 MBq22Na positron source sandwiched between two sheets of thin
plastic scintillator. The gamma-rays emitted from ortho-Positronium decay were
observed in four LYSO (Lu1.8Y0.2SiO5) crystal scintillators of 30 mm diameter
and 30 mm length. The experiment included �ve runs with different alignments
of the LYSO detectors to check systematic effects dependent on the position of
the LYSO detectors. The total data acquisition period was about six months. The
trigger rates were about 1.3 kHz. During the data acquisition, the turntable was
rotated around 30� every hour. Such experiments are based on the separation of
the two Positronium states by their very different lifetimes:t (1S0) �= 125 ps versus
t (3S1) �= 142 ns. The experiment measured the discrete-symmetry odd operator
with angular correlation,

(~S� ~k1) � (~S� (~k1 � ~k2)) (2.14)

where,~S is the spin direction of the ortho-Positronium andj~k1j andj~k2j are the
momenta of the two most energetic annihilation photons. The expectation value
(CCP) was determined to be 0.0023 < CCP < 0.0049 with statistical sensitivity of
2.2� 10-3, observing no CP violation, which is at the level of the CP violation
amplitude in the K meson. This leaves 6 orders of more statistical sensitivity to
be explored in this aspect.

2.4.2 CPT searches with o-Ps
Studies on CPT odd triple correlations,

~S� (~k1 � ~k2) (2.15)

where~S is the spin of the ortho-Positronium, andj~k1j andj~k2j are the momenta
of the two most energetic annihilation photons, were suggested in 1988 by
W. Bernreuther, U. Löw, J. P. Ma, and O. Nachtmann [62]. The �rst measurement
of this angular correlation was performed at Ann Arbor [26]. The relation of the
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measured asymmetry to the coef�cient of the angular correlation was determined
by several factors including: the detector acceptance and geometry, the Ps
polarization, the 8% background due to badly measured two-photon annihilation
events. From a total of 3.5� 105 events the null result,

OCPT = 0:020� 0:023; (2.16)

was obtained for the coef�cient of the angular correlation OCPT. In 2003 by
P. A. Vetter and S. J. Freedman the sensitivity of this test was improved using
the Gammasphere detector [27]. Gammasphere is an array consisting of 110
high purity germanium (HPGe) detectors. Each Ge detector assembly consists
of a 7 cm diameter and 8 cm long cylindrical HPGe detector surrounded by six
bismuth germanate (BGO) scintillators on the sides and one BGO scintillator at
the back [63]. The probability that a detected 511 keV photon deposits its full
energy is roughly 15%. In the experiment with Gammasphere, the 0.37 MBq
source of68Ge or22Na was placed underneath a thin (0.2 mm) plastic scintillator
and a hemisphere of silicon dioxide aerogel. Positrons fromb decay were
identi�ed by around 70 keV energy deposition in the scintillator. The average
ortho-Positronium polarization was 21.5% for22Na and 30.5% for68Ge. The
magnitude of the source polarization is reduced by accepting positrons in a solid
angle of 2p. During the 36 day experimental run, the Gammasphere reconstructed
around 2.7� 107o-Ps! 3g annihilation events [27]. The observable measured by
the Gammasphere was the asymmetry:

A =
N+ � N-

N+ + N-
(2.17)

where N+ and N- denote number of decays with the normal to the decay plane
parallel (+) and antiparallel (-) to the o-Ps spin direction, respectively. The
measured asymmetries for each orientation of the decay plane were compared to
the Monte Carlo simulation containing a CPT-odd asymmetry and then averaged;
with 2.7 � 107 [27] events the measured coef�cient was,

OCPT = 0:0071� 0:0062:

In the year 2021, the limitations of the previous experiments were overcome
by the J-PET detector due to its much higher granularity [7]. During past
experiments, the ortho-Positronium decay point was assumed to lie within the
aerogel targets, e.g. hemisphere in Gammasphere, and its exact time and spatial
coordinates were not reconstructed. In J-PET, however, due to its relatively high
angular acceptance [5] and timing resolution [64], a reconstruction of theo �
Ps! 3g process is possible by means of a new trilateration-based reconstruction
method [65]. This method allows for a simultaneous reconstruction of both
location and time of the annihilation based on time and interaction position of
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gamma quanta in the J-PET detector. Gamma quanta from theo � Ps ! 3g
annihilation travel on a distance between the annihilation point (which needs
to be localized) and the detector where the places and times of their interaction
are recorded and serve as reference points. An additional constraint is given by
the fact that all three photons are produced in a three-body decay and thus their
momenta as well as the o-Ps decay point are contained within a single plane in
the frame of reference of the decaying Positronium atom. For the experimental
realization of triple correlation measurements of the CPT odd-operator as shown
in Equation 2.14, a vacuum chamber with walls coated on the inner side with a
porous medium for o-Ps production was used. The experiment collected a total
of 7.3 � 106 signal event candidates in a continuous 26-day measurement using
the described setup with a 10 MBq22Na positron source. The measure of the
observed symmetry is

< OCPT > 0:00025� 0:00036 (2.18)

implying no signi�cant asymmetry [7]. The error was dominated by the statistical
uncertainty of� 0.00033. For comparison with the measurements conducted
to date [27], a parameter quantifying the level of observed CPT violation
CCPT 2 [0,1] can be used, as in the gammasphere experiment discussed above, for
which CCPT = 1, corresponds to a maximal asymmetry violating CPT. Correcting
the above result for the analysing power <P>, the experiment obtained,

CCPT = < OCPT > =P = 0:00067� 0:00095: (2.19)

The reported result is the present best upper limit on the CPT violation in the
decay of ortho-Positronium, leaving us 5 orders of more statistical sensitivity to
be explored in this aspect.

2.5 P, T and CP symmetry measurement with J-
PET

So far, none of the experiments reported simultaneously the T, P and CP symmetry
violations in the decays of ortho-Positronium. As discussed earlier, it is the
simplest atomic system with charge conjugation eigenstates. This makes it ideal
for studies of the discrete symmetries [66]. All of the previous investigations with
Positronium, which tested the discrete symmetries, were based on symmetry odd-
operators constructed as the products of photons momenta (~ki) and Positronium
spin (~S) vectors as shown in the Table 2.1 [1,7,27,28],

This thesis describes an extended study using another proposed operator [1],
taking advantages of properties of the J-PET scanner, which enables to determine
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Table 2.1: Discrete symmetry odd-operators using spin orientation of the o-Ps and
momentum directions of the annihilation photons

Operator C P T CP CPT
~S� ~k1 + � + � �
~S� (~k1 � ~k2) + + � + �
(~S� ~k1) � (~S� (~k1 � ~k2)) + � � � +

the linear polarization direction of photons as shown in Table 2.2.

Figure 2.1: The �gure describes the interaction of a photon via Compton
scattering. The vector~k denotes incident primary annihilation photon momentum

direction and the scattered photon momentum direction is denoted as~k0. The
Compton scattering angle is shown asq. Primary annihilation momenta and
scattered momenta form a plane, referred to as the scattering plane. The linear

polarization direction of the primary annihilation photon is given as~e = ~k � ~k0.
The incident photon momentum (~k) and its linear polarization vector (~e) form a
second plane, referred to as the polarization plane. The angle between the two
planes is denoted byh .

The J-PET scanner being made up of plastic scintillator strips [5,67], photons
from Positronium decay, primarily interact via the Compton effect [6], and
thereafter the scatter may interact in various scintillator strips [68]. Since gamma
quantum is a transverse electromagnetic wave, Compton scattering is at most
likely in the plane perpendicular to the electric vector of the photon [69, 70],
and we can determine the direction of its linear polarization (~e) of the primary
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annihilation photon by constructing [1],

~e = ~k� ~k0 (2.20)

The vectors~k and~k0 denote momentum vectors of the gamma quantum before
and after the Compton scattering, respectively, as indicated in Figure 2.1. The
ortho-Positronium decay plane and the scattering plane for one of the photons
are shown schematically in the Figure 2.1. The scatter angle,q, is between the
directions of propagation of the primary annihilation photon~k and the secondary

scattered photon~k0. In order to construct the discrete symmetry odd-operator
as discussed in Table 2.2, we measure another angle,a in an ortho-Positronium
decay, which denotes the angle between the linear polarization direction of a
primary annihilation photon and the momentum direction of another annihilation
photon from the same decay event ie.,

Cos(a i j ) =
~ei � ~k j

j~ei jj~k j j
(2.21)

Since, the momenta of the three annihilation photons are ordered in energy,
j~k1j> j~k2j> j~k3j, three independent operators can be constructed to measure,

Cos(a12) =
~e1 � ~k2

j~e1jj~k2j
; Cos(a23) =

~e2 � ~k3

j~e2jj~k3j
; Cos(a31) =

~e3 � ~k1

j~e3jj~k1j
; (2.22)

and thereafter combined together to have increased statistical precision.
Therefore, this experimental methodology requires the reconstruction of decay
events as described below,

o� Ps! 3g+ g0; (2.23)

where,g denotes the primary annihilation photons andg0 denotes a secondary
scattered photon belonging to any one of the three primary annihilation photons.
While most of the previous experiments [27, 28] concentrated on measuring the

Table 2.2: Discrete symmetry odd-operator using linear polarization (~ei) and
momentum (~k j ) directions of the annihilation photons from the decay of o-
Ps! 3g, where i6= j

Operator C P T CP CPT
~ei � ~k j + � � � +

asymmetry of a given angular correlation, this study proposes to measure the
expectation value over the entire region of its de�nition as a measure of the
observed asymmetry [1].
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