NUKLEONIKA 2015;60(4):729-732
doi: 10.1515/nuka-2015-0131

DE DE GRUYTER
e OPEN

G

Daria Kaminska, Aleksander Gajos,

Eryk Czerwinski, Tomasz Bednarski, Piotr Bialas,
Marek Gorgol, Bozena Jasinska, Lukasz Kaplon,
Grzegorz Korcyl, Pawel Kowalski, Tomasz Kozik,
Wojciech Krzemien, Ewelina Kubicz,

Szymon Niedzwiecki, Marek Patka, Lech Raczynski,
Zbigniew Rudy, Oleksandr Rundel,

Neha Gupta Sharma, Michal Silarski,

Adam Slomski, Adam Strzelecki, Anna Wieczorek,
Woijciech Wislicki, Marcin Zielinski,

Bozena Zgardzinska, Pawel Moskal

Searches for discrete
symmetries violation

in ortho-positronium decay
using the J-PET detector

Abstract. In this paper, we present prospects for using the Jagiellonian positron emission tomograph (J-PET)
detector to search for discrete symmetries violations in a purely leptonic system of the positronium atom. We
discuss tests of CP and CPT symmetries by means of ortho-positronium decays into three photons. No zero
expectation values for chosen correlations between ortho-positronium spin and momentum vectors of photons
would imply the existence of physics phenomena beyond the standard model. Previous measurements resulted
in violation amplitude parameters for CP and CPT symmetries consistent with zero, with an uncertainty of
about 1073. The J-PET detector allows to determine those values with better precision, thanks to the unique
time and angular resolution combined with a high geometrical acceptance. Achieving the aforementioned is pos-
sible because of the application of polymer scintillators instead of crystals as detectors of annihilation quanta.
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Introduction

One of the important issues of physics nowadays
is validation of discrete symmetries: charge conju-
gation (C), space reflection (P), time reversal (T),
and combinations of them. These problems, exten-
sively studied since decades in elementary processes
governed by electroweak forces, still need to be
measured with higher accuracy in order to explain
fundamental questions such as predominance of
matter over antimatter in the Universe or validity
of the Lorentz invariance.

In those studies, the lightest strange meson sec-
tor occurs specially fruitful. The violation of CP and
T symmetries were observed by Cronin and Fitch [1]
and the BABAR Collaboration [2]. Surprisingly, in
lepton sector, there is no indication of the discrete
symmetries violation. It is important to emphasize
that the presently known sources of the CP symme-
try violations are still too small to account for the
observed excess of matter over antimatter [3], and
this remains one of the greatest puzzles in physics
and cosmology.

In this paper, we focus on CP and CPT symme-
try tests in decays of positronium and perspectives
of their investigation by means of the Jagiellonian
positron emission tomograph (J-PET) detector.
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Violation of discrete symmetries in ortho-positronium
decays

A special role in discrete symmetry violation searches
is played by a positronium atom, which, because of
its sensitivity [4] to a variety of symmetry violation
effects, is one of the best candidates for such kind
of studies.

The positronium atom structure is analogous to
the Bohr atom. The ortho-positronium triplet (0-Ps)
and para-positronium singlet (p-Ps) states can be
distinguished and their spin alignment determines
their properties. Due to the charge conjugation con-
servation, the o-Ps can decay only into odd number
of photons, while the p-Ps decays into even number
of photons, and the mean lifetime of o-Ps state in
vacuum is longer (140 ns [5]) than that for p-Ps
state (120 ps [5]).

Studies on discrete symmetries violation in ortho-
-positronium state were proposed by Bernreuther et
al. in 1988 [4]. The signals for discrete symmetries
violation in a spin-polarized ortho-positronium will
be visible in selected set of angular correlations build
on i-th photon momentum &; (photons are numbered
in order of decreasing energy) and ortho-positronium
spin S. The evidence for discrete symmetry violations
will be observed in nonvanishing, value of one of
the forbidden correlations (e.g., S-k;xk, for CPT
symmetry). For details see Table 1.

The measured observable is the asymmetry:

N, -N_

N, +N._
where N, and N_denote the number of decays with
the normal to the decay plane parallel (+) and
antiparallel (—) to the spin direction, respectively.
Asymmetry value can be associated to the CP

(Ccp) and CPT (Ccpr) violation parameters by the
following equations:

A = Ccp . SCP
(1) A — CCPT . SCPT

where S and S are the analyzing powers build on
operators (S-k,) (S-k,xk,) and Sk, Xk, respectively.
Experimental verification

CP symmetry

The most recent measurement was presented at the
Tokyo University in 2010 [6]. Positrons emitted from

the 1 MBq #*Na source at the center of experimental
setup were passing through plastic scintillators and

bound with electrons in silica aerogel inserted in
the external 5-kG magnetic field. The gamma rays
emitted from o-Ps decay were registered by LYSO
crystals.

The measured value of CP violating parameter
is equal to [6]:

2) Ccp = 0.0013 = 0.00124, = 0.00064y.

Precision of obtained result is limited by avail-
able statistics, which cannot be increased by higher
intensities of radioactive sources because of pile-ups
in detector system [6].

CPT symmetry

The CPT violation coefficient was measured by
Vetter and Freedman using the Gammasphere
detector [7] — a 4x spectrometer for nuclear struc-
ture research built by 110 high-purity germanium
(HPGe) detectors. During the experiment, the %Ge
and #Na positron sources were used, with quite low
intensities 0.04 MBq to avoid pile-ups in detector.
Ortho-positronium was formed in silicon dioxide
aerogel and decays into three gammas that were
registered by detector. Reconstruction of 2.65 x 107
ortho-positronium decays allows to determine the
following CPT violation coefficient [7]:

(3) CcpT - 00071 + 00062

Obtained result is the most precise measurement
till now.

Prospects for |-PET

J-PET is a detector based on plastic scintillators
characterized by shorter signals (about 5 ns) than
commonly used crystal scintillators (e.g., 50 ns
for GSO crystal) [8, 9]. This allows to use high-
-intensity sources and fast digital electronics read-
out [10-12]. Compton scattering spectrum instead
of photopeak can be used by applying a dedicated
analysis [13-15].

As a preparation for this project, a series of simu-
lations have been carried out in order to estimate
physical and instrumental background for studies
of discrete symmetries. They account for the ac-
cidental coincidences and secondary scatterings
in the detector material as well as positron ther-
malization process in matter, different lifetimes of
ortho-positronium in different materials, momentum
distributions because of quantum electrodynamic

Table 1. Dependency between angular correlation operators and discrete symmetries. Minus sign denotes forbidden
correlations and observing their nonvanishing value will be evidence for symmetry violation

Discrete symmetry

Operator

T CP CPT

+ - + -

- - - +
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Fig. 1. Distribution of relative angles between recon-
structed directions of gamma quanta. The numbering
of quanta was assigned such that 6;, < 0,5 < 05;,. Shown
distributions were obtained requiring three hits each with
energy deposition larger than 50 keV. Typical topology of
0-Ps — 3y (region 1) and two kinds of background events
(regions 2 and 3 from 2y events with the secondary scat-
tering in the detector) is indicted.

(QED) effects, as well as efficiency for the gamma
quanta detection. Detailed description of these ef-
fects can be found, for example, in [16-18].

Main source of background contains events from
direct annihilation of para-positronium decay where
one of the gamma scattered and was registered by
the detector. However, these events can be rejected
by requiring small time differences between registra-
tion of gamma quanta, because scattered events need
extra time to travel to the other part of the detector.
Similarly, after ordering the relative angles (8, < 0,3
< 051), the true and false events have very small over-
lap region at the 8,5 vs. 6,, correlation plot (Fig. 1).

For selected events, a novel reconstruction algo-
rithm (analogous to the one described in Refs. [19,
20]) allows to obtain the time and spatial coordi-
nates of the ortho-positronium decay point by using
information about time of interaction of gamma
quanta in the detector. The information available
for i-th hit includes its spatial location and record-
ing time. The problem of localizing the vertex is, in
its principle, similar to GPS positioning and can be
solved in a similar manner.

We expect that J-PET should allow to improve
the accuracy because of the following reasons: about
10 times better timing resolution with respect to
[6] and about 40 times better than [7], more than
10 times smaller pile-ups, and about 4 times better
angular resolution. These features allow to improve
sensitivity for the studies on discrete symmetries
with respect to previous measurements. Violation
of CP or CPT invariance in purely leptonic systems
has never been seen so far.
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