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Abstract

This thesis is focused on the search of new physics in exotic decays of positronium. Due to

the unique properties of a particle(electron)-antiparticle(positron) system (thus, having the

quantum numbers of the vacuum), positronium is a sensitive probe to test new interactions,

which are not accommodated in the Standard Model (SM). Moreover, for the triplet spin

ground state (the orthopositronium) the long lifetime, compared to the singlet spin ground
state (the parapositronium), gives an enhancement factor of ~ 103 in the sensitivity for new

interactions. Therefore, searches of new physics concentrate mainly on orthopositronium

(o-Ps) decays.
For this thesis two experiment were performed: a direct search of the exotic three body

decay of orthopositronium in one photon and two weakly interacting particles o — Ps —>

7+X1 + X'2 and an experiment to search for the decay o — Ps —» invisible with a sensitivity
of ^ 10~8. The experimental techniques and the results are presented.

The first experiment had the purpose to shod some light on the discrepancy between

the measured and the predicted lifetime of o-Ps in vacuum, first observed by the Michigan

group in 1990.

The search for o — Ps —> invisible decays was performed to test the existence either

of i) extra-dimensions, or ii) fractionally charged particles, or iii) a new light vector gauge

boson, or iv) dark matter of the mirror matter type. These models predict a branching
ratio for the Br(o — Ps —> invisible) decay mode of the order of 10~8.
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Zusammenfassung

Diese Dissertation konzentriert sich auf die Suche nach neuer Physik in exotischen Zerfällen

von Positronium. Wegen der einzigartigen Eigenschaften eines Teilchen (Elektron) - An¬

titeilchen (Positron)- Systems (mit den Quantenzahlen des Vakuums), ist das Positro¬

nium eine empfindliche Probe für neue Wechselwirkungen, die nicht im Standardinod-

ell der Teilchenphysik enthalten sind. Ausserdem gibt die lange Lebensdauer des Spin-

Triplettzustands von Positronium im Grundzustand (Orthopositronium), eine um einen

Faktor ~ 103 höhere Empfindlichkeit auf neue Wechselwirkungen, verglichen mit dem Spin-

Singlcttzustand. Deshalb konzentrieren sich Experimente zur Suche nach neuer Physik

hauptsächlich auf Orthopositronium -Zerfälle.

Für diese Dissertation wurden zwei Experimente durchgeführt: eine direkte Suche nach

dem exotischen Dreiteilchen-Zerfall von Orthopositronium (o-Ps) in ein Photon und zwei

schwach wechselwirkende Teilchen o — Ps —» 7 + X-\ + X2, und ein Experiment zur Suche

nach einem "unsichtbaren" (invisible) Zerfall o — Ps —» invisible mit einer Empfindlichkeit

von
~ 10~8. Die experimentellen Techniken und die Resultate werden vorgestellt.

Das erste Experiment, das in dieser Dissertation besehrieben wird, hatte das Ziel, Licht

in die Diskrepanz zwischen der gemessenen und und der vorhergesagten Lebensdauer von

o-Ps zu bringen; diese Diskrepanz wurde zuerst 1990 von der Michigan-Gruppe beobachtet.

Mit der Suche nach unsichtbaren Zerfällen o — Ps —> invisible wurden folgende hy¬

pothetischen Modelle getestet: i) zusätzliche Dimensionen, ii) geladene Teilchen mit einer

Ladung viel kleiner als die Elementarladung (milli-charged particles), iii) ein neues Vektor-

Eichboson, oder iv) Dunkle Materie vom Typ der Spiegelwelt-Materie. Diese Modelle sagen

für das Verzweigungsverhältnis Br(o — Ps —» invisible) einen Wert in der Grössenordnung
von 10~8 voraus.
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Chapter 1

Introduction

1.1 The positronium: from its postulation to the ex¬

perimental discovery

In 1930, Dirac interpreting the solution with negative energy of his famous equation, pos¬

tulated the existence of the anti-partner of the electron [1]. He called it anti electron and

soon it came to be known as positron. In 1933, Anderson identified some tracks left by
the cosmic rays in his cloud chamber as the ones of positrons [2]. One year after this

discovery Mohorovicic [3] predicted that the positron and the electron could form a bound

state. In 1945, Ruark [4] proposed the name of Positronium (Ps) for this system that he

called 'an unstable hydrogen-like atom'. In his paper, he gave a qualitative discussion of

the spectroscopic structure of the Ps-atom and pointed out the greatest interest of such

an observation. The detailed prediction of the decay rate for the spin singlet state (para-
positroniuin: p-Ps) was made by Wheeler (1946) [5] and Pirenne (1947) [6]. The more

difficult calculation for the lowest order decay rate of the triplet spin state (orthopositron¬
ium: o-Ps) was first obtained correctly by Ore and Powell [7] in 1949. Their result can be

expressed as

a = jj(*'-'»2îr- (i-i)

Here, a is the fine-structure constant and rne is the electron mass. The Ps-atoin was

first experimentally detected by Deutsch (1951) [8], by forming Ps in Freon gas. Two

months later, he published the first measurement of the lifetime of the orthopositronium [9],
confirming the calculation of Ore and Powell. After that, the field of positronium physics
evolved rapidly and, considering the simplicity of this system, an astonishing variety of

different experiments grew out of this field: QED tests, speculations about new physics

and, furthermore, applications in material studies. In the following section, the intriguing

history of the lifetime measurement and the calculations, will be briefly reviewed. In fact,
it is not just very interesting but, moreover, the discrepancy between the experiment and

calculations was one of the motivations for searches of new physics with positronium.

1



2 CHAPTER 1. INTRODUCTION

1.2 The orthopositronium lifetime puzzle and its so¬

lution

The precision of Deutsch's lifetime measurements was about ±10%, so that new measure¬

ments were needed in order to check the calculations. In the Table 1.1 all the experimental
results obtained after the first measurement are listed.

Year Rate (in //s
1
) Type Authors Reference

1968 7.29(3) Gas Beers and Hughes [10]
1973 7.275(15) Gas Hughes [12]
1973 7.262(15) Gas Coleman and Griffith [13]
1976 7.104(6) Powder Gidley, Marko, and Rich [15]
1976 7.09(2) Vacuum Gidley, Zitzewitz, Marko, and Rich [16]
1977 7.058(15) Gas Griffith and Heyland [17]
1978 7.122(12) Vacuum Canter, Clark, and Rosenberg [19]
1978 7.056(7) Gas Gidley, Rich, Zitzewitz, and Paul [20]
1978 7.067(21) Powder Gidley, Rich, Zitzewitz, and Paul [20]
1978 7.050(13) Vacuum Gidley and Zitzewitz [21]
1978 7.045(6) Gas Griffith, Heyland, Lines, and Twomey [22]
1982 7.051(5) Gas Gidley, Rich, Sweetman, and West [24]
1987 7.031(7) Vacuum Hasbach, Hilkert, Klempt, and Werth [25]
1989 7.0514(14) Gas Westbrook, Gidley, Conti, and Rich [26, 27]
1990 7.0482(16) Vacuum Nico, Gidley, Rich, and Zitzewitz [28]
1995 7.0398(29) Powder Asai, Orito, and Shinohara [29]
2000 7.0399(26) Powder Jinnouchi, Asai, and Kobayashi [31]
2003 7.0404(13) Vacuum Gidley and Zitzewitz [33]
2003 7.0396(26) Powder Jinnouchi, Asai, and Kobayashi [34]

Table 1.1: Experimental determinations of the o-Ps decay rate.

The experiments can be divided essentially in three groups, depending on the technique
used to form positronium:

1. Gas: the positronium is formed by colliding the positrons with the molecules of a gas

at different pressures. An extrapolation to zero-density is then carried out to get the

decay rate of o-Ps in vacuum.

2. Powder: Si02 powders are used as a medium instead of gas. The time dependent
contribution of the two photon decay Xpick(t), arising from the collisional quenching
of the orthopositronium at the walls of the inter granular spaces of the powder (so
called pick-off effect, see next chapter), is precisely measured using a germanium
detector. These collisions (about 104 — 105 per o-Ps lifetime) result in a modification

of the lifetime, since there is a probability for the positron to annihilate with an
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electron of the material which is not its bound partner. The population of o-Ps at

the time t, N(t), can be expressed as

N(t) = N0exp ( - A37 f (1 ± ^Ö!l)df) (1.2)
JO ^37

from which the lifetime in vacuum A;i7 can be extracted.

3. Vacuum cavity: a beam of slow positrons is needed. The surface of the positronium
formation cavity, where the positrons of a few keV are implanted, is covered by MgO
or SiÜ2- After its creation the positronium can diffuse in the vacuum cavity where

it can decay almost freely, in fact, it undergoes just a few collisions with the surfaces

per lifetime.

The common principle for all the listed measurements is to tag the positron entering

the positronium formation region and to use it as a start signal for the time clock. The

detection of one or more annihilation photons forms the stop signal, so that the decay
curve can be plotted and then fitted to extract the decay rate. All these experiments

are not trivial, in fact, in order to form positronium one requires matter (electrons) and

consequently some corrections are needed to get the value of the lifetime in vacuum. Many
effects can introduce systematic errors, e.g. Stark effect, magnetic quenching, positronium

escaping the formation cavity, time dependence of the pick-off rate, fast backscattered

positrons, etc.

Therefore, the history of the measurements and the theoretical calculations is very

interesting and at the same time controversial. Figure 1.1 summarizes all these years

of theoretical and experimental efforts after Deutsch's first detection. The decay rate of

orthopositronium in vacuum, including the higher order corrections, can be written in

terms of the Ore and Powell lowest order calculation TjL as

T37 = [1 + O(a) + O(o2ln(a)) + 0(a2) + 0(a2ln2(a)) + 0(a:iln(a)) + (J(a3) + ...] T^
(1.3)

Beers and Hughes' (1968) [10] measurement was differing from the calculated value.

The correction using a more precise value of a, slightly smoothed the disagreement [11].
In the first part of the 70's, two new gas measurements agreed with the result of Beers

and Hughes [12, 13], so that some theoretical efforts have been made by Stroscio and Holt

(1974) to include the 0{ct) corrections [14]. This reduced the discrepancy, nevertheless

the disagreement was still there. In the second part of the 70's, the Michigan group

performed two new measurements with two different techniques, powder [15] and vacuum

[16]. They found a value of the decay rate much smaller (10a lower) than the previous

ones. These results were confirmed by a new gas measurement [17], so that Caswell et

al. were stimulated to recalculate the one-loop correction [18]. The new theoretical value

was much closer to the new experimental results but the first agreement was reached in

1978 with two experiments, one of the Michigan group in vacuum [21] and the other in

gas [20]. After Lepage and Caswell computed the logarithmic a2 term (0(a2ln(a))), the
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Figure 1.1: History of the orthopositronium lifetime measurements and of the calculations

consistency between theory and experiment was improved [23], however, the situation was

still not satisfactory since the experimental precision was much worse than the theoretical

one. New efforts were devoted to the problem and in 1989 [27] and in 1990 [28] the Michigan

group published two results in disagreement with the theory but with a very good precision

of 200 ppm. This was the beginning of the so called "orthopositronium lifetime puzzle".

In 1995, the measurement of the Tokyo group in powder agreed with the theory claiming
that the lifetime problem was solved [29]. Some criticism was raised because the powder
could get charged when crossed by positrons. Therefore, the resulting electric field would,
due to the Stark effect, reduce the decay rate, as observed. In addition, if the 0(a2ln2(a))
term in the calculations would have been unexpectedly large, the theory and the Michigan

experiment would be in agreement.

Once more in the controversial history of positronium mathematics was required but

due to the complexity of the calculations just in 2000 the 0(a2ln2(a)) and the 0(a3ln(a))
logarithmic terms were obtained [30], To cite Adkins, Fell and Sapirstcin: 'no conclusion

can be drawn till the experimental situation will not be clarified...now the ball is in the

field of the experimentalist'. In 2000, the Tokyo team published some corrections of their

1995 results, integrating the time dependence of the pick-off annihilation rate in the fitting

procedure [31]. The same year, after a study of positronium thermalisation in gases,

the Michigan group corrected the 1989 result, lowering the decay rate by 3a, and found a

better agreement with their vacuum experiment [32]. However, their new value of the decay
rate was still well above the theory. It wasn't until 2003, when the Michigan researchers



1.2. THE ORTHOPOSITRONIUM LIFETIME PUZZLE AND ITS SOLUTION 5

obtained the newest results in agreement with the theory and consistent with the Tokyo

result [33]. They used their slow positron beam with an improved double cavity to avoid

escaping positronium atoms and with an extrapolation of the implementation energy they

got rid of the fast backscattered positrons.
The lifetime puzzle seems to be solved, however, the precision in the experimental result is

200 times worse than the theory. Therefore, it is not possible to check the new calculations.

History seems to repeat itself: Have we finally solved the problem or are we in the same

situation as at the end of the 70's? To answer this question a new experiment is needed.

In my opinion, the experimentalists still need to play a lot to catch up...
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Chapter 2

Positronium properties

In this chapter some of the positronium properties, relevant to this PhD thesis, will be

briefly discussed. This is not intended to be a comprehensive review (this can be found

e.g. at Ref. [35, 36]).
Positronium, the positron-electron bound state, is the lightest known atom, which is

bound and self-annihilates through the same, electromagnetic interaction. At the current

level of experimental and theoretical precision this is the only interaction present in this

system, see e.g. [37]. This feature has made positronium an ideal system for testing the

accuracy of the QED calculations for bound states. The spins of the electron and of the

positron in the positronium can combine to give either a singlet spin ground state ^o,
called parapositronium (p-Ps) or a triplet ground state 3Si, orthopositronium (o-Ps). For

a positronium system with orbital momentum / and total spin S C-parity is C — (—\)l+s
and P-parity is P — (—1)'+1. For parapositronium and orthopositronium in the ground
state we have JFSps = 0~+, Jpl:Fa — 1 For other positronium states the quantum

numbers are nls+lLjrc - 21S'o-+, 23P0++, 23/V+, 23P1+-, 23P2++, 236T",...
Therefore, due to C-invariance p-Ps annihilates only into an even number of photons

while the o-Ps decays in an odd number:

p-Pa-^7,47..., (2.1)

o-Ps->37,57.... (2.2)

Similar to the hydrogen atom, the energy levels of positronium can be calculated using
Non Relativistic Quantum Mechanics (NRQM)1. Solving the Sehrödinger equation with

the Coulomb potential gives:

a2[it3 a2m,c2
En =

~^hF
=

__irf~ (2-3)

where the Ps reduced mass is fi — E^L. In the classical picture, the positron and the electron

can be imagined as if they were spinning around a common center of mass, separated from

1The following argument can be used to justify this approach. The quantization of orbital angular
momentum gives pa = nh, where a is the Bohr radius of positronium, thus one gets ^_ = ^ and

consequently that p « ma.

7
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each other by twice the radius of hydrogen, namely a(n) = 2hn2/mca (c=: 1Â for the

ground state). Adding the spin-orbit couplings V ~ L • S and the spin-spin couplings

V ~ ßi ß2 ~ Si S'il cause the levels of the triplet and singlet to split in energy. The total

Hamiltonian can be written as:

H = HQ + Hi + H2 + Hs + Hi + H5 (2.4)

where Hq is the Coulomb term, H\ is the first order relativistic correction, H2 is the

Darwin term2, HA is the contribution of the spin-orbit, H\ is the spin-spin coupling and H5

represents the virtual annihilation. The latter is the emission and re-absorption of a virtual

photon by the Ps atom, due to angular momentum conservation this process is possible

only for o-Ps. For parapositronium, only the contribution of Hi and i/4 are relevant,

AES = ma4 - -maA (2.5)

64 4
y '

For orthopositronium, the virtual photon annihilation additionally contributes,

AET = me/ + —m,a4 + -ma4 (2.6)
64 12 4

Therefore, the ortho-para energy splitting of positronium is given by:

AEhyperfine = AET - AES = |ma4Q = 8.4 x Ur4eV (2.7)

2.1 Positronium decay rates

2.1.1 Parapositronium

The two-photon decay rate for the 11 So state is given by [39] :

oP-m-e r / TT2\a .,,1
„

, s/aV2 3a3, ,,1 ^/ .. 1\
1-15 )- + 2a2ln- +1.75(30) (-) - —/ra2-+ 0(aJ/n-)

2 [ V 4 / tx a \7rJ 2tt a V a)

7989.50(2)/i.s"1 (2.8)

T2l

The experiment [40] agrees well with the theory: Te2lv = 7990.9(1.7)/w"1.
The four photon decay is highly suppressed relative to the two photons. The expected
ratio is [41]:

Br{p - P* - 47) = Iff ~ ^ ^ 471 - 0.277(1) f-V ~ 1.49 x 10"6 (2.9)
r[p — Ps — 77) V7T/

The theoretical value agrees witli the measurements performed with the Crystal Ball Nal

detector array located at Heidelberg-Darmstadt [42].

2It is caused by the fluctuating motion of the positron and the electron in the potential field. In some

text [38], it is referred to as "Zitterbewegung" (gittering motion).
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2.1.2 Orthopositronium

Using equation(l.l), Ore's and Powell's lowest order o-Ps decay rate calculation gives:

r°7-7.2111670(l)/v„s-1 (2.10)

The new results, including the one-loop contributions and the second order corrections

that have been computed recently (see Introduction), can be written in terms of T"7 as:

r.37 —
a a2,

, ,
„/«\2 3a2, 2 ,

„cv3,
, x

^/«\3
l + A- + -rln(a) + B[-) -

—~lnl(a) + C—ln{a) + D - ) + ...

7f3 \7t/ 2tv 7T Vtt.

(2.11)
The most precise determination of the parameter A was done analytically by Adkins

in 2005, he obtained A - -10.286606(10) [43]. As mentioned in the Introduction, in 2000,

the same author together with Sapirstein and Fell, computed the difficult a2 correction and

found B = 45.06(26) [30]. This was essential to clarify that the origin of the discrepancy

was an experimental problem. In fact, for agreement of the 1990 Michigan group results

in vacuum [28], B should have been of the order of 240. The parameter C of the single

logarithm was evaluated the same year independently by three groups [44, 45, 46] and they

got C = —5.517. The pure 0(a:i) term D has not been calculated yet. Including all these

corrections the theoretical prediction is [30]:

r37 = 7.039979(1 l) fis'1 (2.12)

As in the case of p-Ps, o-Ps decays into more than three photons are strongly suppressed.
For the five-photon decay, one obtains [41]:

Brio
- Ps - 57)

=

r(o-Ps^57)
=

m\2
~ L0 x 10"6 (2.13)

V ,;
r(o - Ps-> 777)

V J\irJ y '

This ratio was recently measured by Vetter and Freedman [47] and is consistent with the

QED calculations.

The momentum distributions of o-Ps— 37 decay can be calculated using the matrix

element [48]:

fm-wi\2 /m-w2\2 /m-w;3\2
Mop,^37 = —^ + + __ 2.14)

V IV2 W3 / V W\ W3 J V Wi w2 /

where u-, (i — 1,2,3) is the momentum of the i'h photon from the o-Ps annihilation

and m is the mass of the electron.

Integrating (2.14) over w2 and w-6, the energy spectrum for one of the photons can be

derived. The total probability that a photon has energy in a given interval divi [7] is3:

dE (wAm — W\) 2rn(rri — w\)2 m — W\ 2m — Wi 2m(m, — Wi) rn — Wi
= 2 • U___ _ In——- +— + —2

In

dwi ^ (2m — Wi)2 (2m, — wi)3 rn W\ w{ m

(2.15)

3This formula is used in the simulation to generate the 3 photons decay of o-Ps (see Appendix A).
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Weak decays of orthopositronium

Practically, only the o-Ps can decay weakly into a pair of neutrinos. The contribution

to the singlet decay rate is suppressed by a factor m2/m2 due to the (right)left-handed
chirality of the (anti)neutrino couplings, for both, the charged and neutral currents [49].
For the decay of o-Ps to an electron ncutrino-antineutrino pair, two processes contribute,
the W exchange in the t-channel and the Z annihilation. Assuming for the neutrino masses

•mv <£ rne, one gets lower bounds for these decays since the neutrino mass introduces a

suppression factor of the form (1 — rnl/rri2). Thus, one obtains [37]:

G2 n<3ro5

T(o - Ps -> vei7e) < C 2«(l + 4s2)2 = 6.2 x lO"18*-1 (2.16)
247^

where ,s = sinOw (&w the Weinberg angle). For the decays to other neutrino species only
Z annihilation takes place, thus, the rate for I / e is:

F(o - Ps - m) < ^|^(1 - 4*2)2 = 9.5 x KT21*-1 (2.17)

Therefore, the branching ratios are well beyond the experimental reach.

2.2 Positronium interactions with the environment

In the presence of matter or in external E- or -B fields, the final states of o-Ps may be 2

photons. Several mechanisms are responsible for this effect and in this section they will be

briefly discussed.

2.2.1 The pick-off process

In the presence of matter the positron wave function may overlap with an electron of the

surrounding media. Therefore, there is the probability that the positron annihilates with an

electron which is not its bound partner. This process, known as "pick-off", is the powerful
feature offered by positrons for material studies at the nanometer scale4. The decay rate

through pick-off is much lower than expected from the average electron density of the

material in which the Ps forms. This is due to the repulsive electron exchange interaction

between the Ps and the surrounding atoms. For example, in liquids Ps pushes away the

neighbouring atoms, occupying a self-trapped state in a kind of self created bubble, while

in solids it tends to migrate to the existing pores or vacant regions [51]. The pick-off rate

can be calculated, to a good approximation, assuming the Ps-atom as a point like particle
of mass Mps ~ 2me. The repulsive exchange interaction that the Ps experiences at the

wall of the cavity can be parametrized as a spherical potential with a barrier of height Uq

and range R. In this model the pick-off rate is given by [52]:

For a review on all the different methods in Positron Annihilation Spectroscopy (PAS), see e.g. the

Ref. [50].
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Fpickoff = AnrlcpoZeffPo (2.18)

where Zejf is the effective number of electrons per molecule for pick-off annihilation,

Pq is the overlap integral, ro = e2/mc2 is the classical electron radius and po is the number

density of molecules in the bulk. The latter is the only free parameter of the theory and has

to be determined empirically using a variety of well-characterized materials. For porous

materials with small pore sizes (< 1 nm), this model gives a good agreement with the

data but it fails for bigger pores. In fact, this approach neglects the possibility of Ps

to be in excited states inside the well. For small pores this is a reasonable assumption
since the de Broglie wavelength of thermalized Ps (at room temperature) is about 6 nm

(almost a factor 10 bigger than the cavities), and hence, the ground state energy is large

compared to k,T. The extension of the model with the inclusion of the excited states is not

straigthforward because the calculations are prohibitive. To avoid these difficulties, it has

been proposed to switch from spherical to rectangular pores [53]. The estimated lifetimes,

with this approach, as a function of the mean free path for different temperatures, are

shown in Fig. 2.1. The predictions of this model provide encouraging agreement with the

data, however, improvements in the understanding of how to deduce the porosity without

independent calibrations are needed [54]. It is interesting to note, that the metrology of

porous thin films with o-Ps is a very promising technology for today's microelectronics

industry.
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2.2.2 Spin exchange mechanism

The Heisenberg spin exchange quenches o-Ps in paramagnetic gases [55, 56]. The electron

of the o-Ps has a probability to exchange the spin orientation with one of the electrons of

the gas in the following way:

o - Ps + O(TT) - p
- Ps + OUT) , (2.19)

with a subsequent p-Ps decay into two photons. We will consider the specific case of

oxygen, that is relevant for our experiment, for which there are two different spin conver¬

sion mechanisms. One is the inelastic conversion that occurs when the Ps excites the 02

molecule. This process has an energy threshold of 0.977 eV [57]. The other process is

elastic scattering that leaves the 02 in the ground state; because it has no threshold it is

the dominant process for thermalized Ps. In the range of average Ps velocities between

8 x 106 - 4 x 1Ü7 cm/s (the interval of interest for Ps thermalized at room temperature)
the cross sections are constant [55]. The inelastic cross section is a'"pin ~ 10~lfi em2 [57],
the elastic one determined with different methods is a'^dn ~ 1.16(±0.01) x 1Ü"19 cm2 [55]-

[59]. The spin exchange rate is proportional to the number density of the gas n, thus, the

ortho-para conversion rate can be expressed as:

T,pin = nv(Tapm (2.20)

where v = y/8kBT/nm is the thermal velocity of Ps (i.e. v = 7.52 x 10ccm/s at 293 K)

which, neglecting the relative small velocity of the gas molecules, can be considered as the

relative velocity between the two particles. The Fig. 2.2 shows the measurements for the

quenching due to the spin exchange with 02 for o-Ps formed in a silica aerogel.

2.2.3 Positronium quenching in magnetic fields

A similar quenching of o-Ps to p-Ps (and vice versa) is caused by the presence of a magnetic

field. The triplet state with Sz — 0 can mix with the singlet state resulting in a reduction

of the observed decay rate of o-Ps. The triplet states of o-Ps with Sz = 1 are not affected

by the magnetic field, therefore, the maximum reduction in the o-Ps fraction is 1/3. For a

constant magnetic field the decay rates for the perturbed states are [60]:

rt(Bz) = r0_p_37 + r'('iB^ )2 (2.21)
^L^hyperfine

rs(Bz) = rp_^27 - r'( £uB* )3 (2.22)
^ *-''hyperj'me

where T' — T2l — r:i7, Bz is the field strength in Tesla, //# is the Bohr magneton fiB —

eh/2-KTiic = 9.27 x 10~24 Am2 and AEhyperfine is the energy splitting of the unperturbed

ground state (Eq.(2.7) in Joules). As one can see from the Fig. 2.3 at 1 Tesla, the lifetime

of o-Ps in the Sz = 0 state drops down almost to ^ 10 ns.
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Chapter 3

Positronium and new physics

The Standard Model (SM) is very successful but is not yet a complete theory. There

are several fundamental questions, which require physics beyond the SM for a solution.

Among them are e.g. the hierarchy problem, the origin of the charge quantization and

the neutrino masses and the dark matter composition. Although manifestations of new

physics are typically expected at high energies, some models predict new phenomena at

low energies that might be observed in rare decays of the positronium, e.g. the decay into

a photon and an axion V The aim of the workshop, organized at ETH Zürich (2003), was

to review the possibility of using positronium as a probe for new physics [61]. The outcome

is summarized in the proceedings of the conference published in [62].

Compared to the singlet state, the long lifetime of o-Ps
,
due to the phase-space and

additional a suppression factors, gives an enhancement factor of ~ 103 in the sensitivity

to an admixture of new interactions, which are not accommodated in the SM.

Furthermore, the discrepancy between the calculated and the measured o-Ps lifetime

led to searches for various exotic o Ps decay modes; in fact, an exotic o-Ps decay, not taken

into account in the calculation of the o-Ps decay rate in vacuum r;j7, could have solved the

discrepancy if its contribution would have been at the level (rexp — F37)/r37 ~ 10~3. Exotic

decays can be grouped into two categories, depending on their experimental signature, i.e.

visible and invisible, depending on whether there is at least one photon in the final state

or not; for a review see [63, 64].

3.1 The visible exotic decays of o-Ps

The visible exotic decays that have been searched for as the origin of the lifetime discrep¬

ancy, can be classified in four types:

1. o — Ps — 7A, where AT is a long lived boson (i.e. an axion). For a mass mx < 800

keV, this decay mode was excluded at the level of 1.1 ppm [66]:

Br(o - Ps -> 7 + X) < 1.1 x 10"6, (mx < 800 keV) (3.1)

lA now particle introduced for the solution of the strong CP problem.

15
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If X decays within the detector, e.g. into 27, the experimental bounds depend on

the A-particle mass [67]-[68]

Br(o - Ps -> 7 + X -f 37) < 2 x 10"4, (300 keV < mx < 900 keV) (3.2)

< 2.8 x 10~r\ (mx < 30 keV) (3.3)

< 2 x 10"5, (900 keV < m,x < 1013 keV) (3.4)

2. o — Ps —> 7X —> 27. The negative search for direct e+e~ annihilation e+r~ —> 7 + A

[65] led to the upper limit for different mass ranges at 90% CL

Br(o - Ps -> 27 + X) < 4.2 x 10"6, (mx < 200 keV) (3.5)

< 2.1 x 10"5, (rnx < 2me) (3.6)

In Ref. [69] a more stringent bound:

Br(o - Ps -> 27 + A) < 4 x 10"ü, (m* < 2me) (3.7)

was obtained. Furthermore, there was an experiment searching for the inverse decay
X - e¥e~ (1.02MeV < mx < lOOMeV) in /.i+ and ir+ decays that excluded this

decay mode at the level ~ 10~10 [70].

3. 0 — Ps — A7 was searched for a number of photons N — 2 and for N = 4. The

decay o — Ps —> 47 is forbidden by C-invariance. The corresponding experimental
bound is [72]

Br(o - Ps -+ 47) < 2.6 x 10"6 (3.8)

The o—Ps has spin one, thus, it cannot decay into two photons due to conservation of

angular momentum. Since angular momentum conservation follows from the isotropy

of space, searching for decays o — Ps —> 27 tests spatial isotropy. The best current

result is [71]

Br(o - Ps -) 27) < 2.23 x 10"4 (3.9)

4. 0 — Ps —> 7 + Xi + X2
,
a three body exotic decay with one photon and two weakly

interacting particles, Ai, X2 was ruled out by the first experiment of our group, as it

will be explained in Chapter 4. The upper limit at 90% confidence level (CL) is [73]:

Br(o - Ps; ^ 7 + Xi + X2) < 4.4 x 10"5, for mXi + mX2 < 900 KeV. (3.10)

Table 3.1 summarizes some of the results of these searclies for visible exotic decays of

o-Ps
,
for a comprehensive review, see e.g. [74, 75, 76] .
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Decay Mode 90% upper limit, ppm Comments Group

7 + A

5-1

1.1

340

long-lived A-boson

mx -100-900 keV

rnx <800 keV

mx <30 keV

CERN [77]
Tokyo [66]
Moscow [68]

7 + X — 7 + 27 28

300

short-lived A-boson

mx <30 keV

m* <500 keV

Moscow[78]
Tokyo [79]

77 233

350

Forbidden by angular
momentum conservation

Michigan [71]
Tokyo [80]

7777 2.6

3.7

Forbidden by C-parity Tokyo [72],
Berkeley [47]

7 + AL + X2 44 niXi+mxa <900 keV ETHZ-Moscow [73]

Table 3.1: Upper limits on the branching ratios for several visible exotic o-Ps decays.

3.2 The invisible exotic decays of o—Ps

This thesis is focused on the search for an o — Ps —> invisible decay, i.e. a process which

is not accompanied by energy deposition in a detector. The occurrence of the o — Ps —>

invisible decay would appear as an excess of events with zero-energy deposition (below a

certain threshold) in a 47r calorimeter surrounding the o-Ps formation region, above those

expected from the Monte Carlo (MC) prediction or from a direct background measurement.

Within the SM, orthopositronium can decay invisibly into a neutrino-antineutrino pair.

From Eqs.(2.16)-(2.17), one can see that in the SM the o — Ps —> vü decay rate is very

small (< 10_i8). Therefore, evidence for invisible decays would unambiguously signal the

presence of new physics. It may be worthwhile to remember that the process with an

analogous experimental signature, Z —> invisible decay, played a fundamental role in the

determination of the number of lepton families.

The first experiment to search for invisible channels of o-Ps was performed in 1989 by

Atoyan et al. [81]. They excluded this channel as a possible contribution to the lifetime

anomaly at the level Br(o — Ps — invisible)< 5.3 x 10-4, however, a large background
subtraction was needed since their calorimeter was limited in size.

This search was repeated by Mitsui et al. in 1993. Since their calorimeter with 78

Nal (706 kg) and 22 Csl crystals (138 kg) was much thicker and hermetic, their sensitivity

was a factor 200 better than for the Atoyan et al. experiment. The spectrum of the total

energy obtained in their measurement is shown in Fig. 3.1. This resulted in limit for the

branching ratio at 90% confidence level of [82]

Br(o -Ps-^ invisible) < 2.8 x 10"6
. (3.11)

They concluded, without any ambiguity, that an invisible decay of o-Ps was not at. the

origin of the discrepancy. Furthermore, they could place a stringent limit on the existence
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Figure 3.1: Sum, of the total energy in the calorimeter for the experiment of Mitsui, et

al [82].

of milli-charged particles and on the photon-mirror photon mixing2.
The new models that are relevant to the o — Ps —> invisible decay mode predict the

existence either of i) extra-dimensions [88, 89], or ii) fractionally charged particles [90],
or iii) a new light vector gauge boson [63], or iv) dark matter of the mirror matter type

[91, 92]. The required sensitivity in the branching ratio Br(o — Ps —> invisible) for the

possible observation of these phenomena has to be at least 10~8.

In the next subsections, the physics of items i)—iv) is discussed. It will be pointed out

that the search for mirror type dark matter is preferably performed in vacuum, for more

details see [83, 92].

3.2.1 Extra dimensions

Models with infinite additional dimensions of the Randall-Sundrum type (R-S brane-world

models) with a big compactification radius [84]-[87] could provide the natural solution to

the gauge hierarchy problem.

Recently, Dubovskj, Rubakov and Tinyakov [88] pointed out that in R, S brane world

models with localized bosons, massive gauge bosons localized on the Plank brane are always
unstable. The reason is that bulk modes can have arbitrarily small masses. Any massive

mode localized to the brane is then kinematically allowed to decay into these modes.

In a recent paper, Gninenko, Krasnikov and Rubbia [89] applied this mechanism to calcu¬

late the decay of o-Ps into invisible bulk mode and obtained:

Br(o-
9tt

Ps 7 additional dimerision(s)) = (3.12)

4(tt2 - 9) a2

iv .m„„p,s 2

16
^

k
' 3-10

4,m<>~p.
")2

2Their conclusion was corrected by S. Gninenko [83] since they did not take into account the suppression
factor for the mixing due to the presence of matter (see Section 3.2.4)
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For a solution of the gauge hierarchy problem, the parameter k is expected to be k <

O(10) TeV. Indirect measurements at LEP of the T(Z —> invisible) decay width constrain

the parameter to k > 2.7 TeV. Using this bound one can find:

Br(o - Ps -> additional eJimension(s)) < 0.4 x 10"9 (3.13)

The direct LEP measurements of T(Z —» invisible) results in a less stringent limit [89]:

Br(o - Ps —> additional dinw.nsion(s)) < 8 x 10"8
. (3-14)

These estimates show that the region of ~ 10~8 — 109 for the branching ratio is of great

interest for the observation of extra-dimensions.

3.2.2 Milli-charged particles

In 1986, Holdorn [90] showed that in grand unified models (GUT) particles with a frac¬

tional electric charge can be constructed in a natural way, by adding a second, unobserved

photon to the interaction Lagrangian. In some models, particles with a very small electric

charge, compared to the electron, are predicted. If such milli-charged particles exist with a

small mass, the o — Ps could decay into them invisibly since these particles would mostly

penetrate any type of calorimeter without interaction. The corresponding decay width is

equal to

QaQxme ,m

V(o - Ps - AA) = ^A
e

k Fps-), (3.15
6 m,

where Qx is the electric charge of the A-particle (Qe = 1), k = 1, F(x) = (1 - \x)(l — x)*

for spin 1 and k = \, E(x) = (1 - x)% for a spinless A-particle. For spin 5
milli-

charged A-particles and mx <C me one can find from the experimental bound (3.11) that

Qx < 8.6 x 10~5 [82]. Figure 3.2 shows that a search for milli-charged particles through

the Br(o — Ps —> invisible) decay with a sensitivity of Br(o — Ps —> invisible) ^ 10~8

would touch the parameter space which is not yet excluded by the results of the recent

direct experiment at SLAC [94].

3.2.3 New light A"-boson

A light vector A-boson with the interaction Lagrangian

Lx = 9x$l„i>X» (3.16)

will also lead to invisible decays of o — Ps.3, Supposing that the A-boson interacts

with other particles (fermions) or (as a consequence of the Higgs mechanism) with itself

3For the recent phenomenological bounds in models with a light vector X-boson related to the muon

(g - 2) and so-called NuTeV anomalies see, [95], [96] and [97].
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Figure 3.2: Mass-charge parameter space for the o-Ps decay into milli-charged particles

[05]. The dashed region is the one which, can be excluded by an experiment, with a sensitivity

in the branching ratio of c^ 10~8.

and a scalar particle, the contribution of the A-boson to the electron anomalous magnetic

moment is given by the well known formula:

-1
x2(l-x)

oae — —

7T o x2 + (l-x)-
(3.17)

For mx -C me the bound arising from the determination of the fine structure constant

with the Quantum Hall Effect (QHE) [63] yields ax < 3 x 10"10. For the case of the
2

heavy A^-boson (mx ;§> me, thus the term -^f- —> 0), the bound on the anomalous electron

magnetic moment leads to the upper limit

,2

m:

ax-
mi

< 4.5 x 10
-10

(3.18)

For the reaction o — Ps —» X* —> X\X\ (here A* is a virtual A-boson and X\ is a fermion

(sterile neutrino) or a scalar particle) one finds that:

Br(o - Ps - A* -> XiXi) = (3.19)

3tt rn

4(tt2
.k-F(~f)(l

mx ,-2dXaXXl

m„
)

crö) "'ß ""o-Ps

where F(x) has been defined before and the coupling is aXX] — QXXJ^. From the bound

of the QHE we find for mx -C m,e that

Br(o - Ps - A* - XiXi )<kx2- 10"3 • aXx, (3.20)
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To have an experimentally interesting branching ratio of the order O(10-8), setting ax =

3 x 10"10, we must have aXXl — 5 x 10~6.

In the opposite limit m,x 3> me, the corresponding bound reads:

- 777

Br(o - Ps -> AT* - XiXi) < Â; x 3 • 10"3 • aXXl • —Ê- (3-21)
mx

For an A-boson mass close to the orthopositronium mass, we have the enhancement factor
2

(1 T2^)-2 in the formula (3.19) for the branching ratio, and hence, the coupling constant

axaXXl could be smaller.

3.2.4 The mirror world

The dark matter problem provides one of the strongest indications for the existence of

physics beyond the Standard Model. One of the candidates for dark matter is mirror

matter, which is predicted to exist if parity is an unbroken symmetry of nature. Currently,
it seems this concept could explain in a natural way the coincidence between visible and

dark matter densities in the universe (ttu = 0.044 and ilDM = 0.26) [98].
Mirror matter was originally discussed by Lee and Yang [99] in 1956, after their dis¬

covery of parity violation. In order to save parity conservation they suggested that the

transformation in the particle space corresponding to the space inversion x —> —x should

not be the usual transformation P but PR,, where R, corresponds to the transformation

of a particle (proton [99]) into a reflected state in the mirror particle space. After the

observation of parity nonconservation, Landau assumed [100] that R—C, i.e. he suggested
to identify antiparticles with the mirror matter but then CP must be conserved, which

we know is not the case. The idea was further developed by A. Salam [101], and was

clearly formulated in 1966 as a concept of the mirror universe by Kobzarev, Okun and

Pomeranchuk [102]. In this paper, they have shown that ordinary and mirror matter can

communicate predominantly through gravity and proposed that the mirror matter objects

can be present in our universe.

Since that time, the concept of mirror matter has found many interesting applications
and developments. In the 80's, it has been boosted by superstring theories with Es x Eg
symmetry, where the particles and the symmetry of interactions in each of the E^ groups

are identical. Hence, the idea of mirror matter can be naturally combined in these models

[103]-
Nowadays, mirror matter models exist in two basic versions. The symmetric version,

proposed earlier, was further developed and put into a modern context by Foot, Lew and

Volkas [104]. The asymmetric version was proposed by Berezhiani and Mohapatra [105].
In the following we will concentrate on the symmetric model since it could provide, as

we will see, an experimental signature related to positronium. In the symmetric mirror

model, the idea is that for each ordinary particle, such as the photon, electron, proton

and neutron, there is a corresponding mirror particle, of exactly the same mass as the

ordinary particle. R-parity interchanges the ordinary particles with the mirror particles
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so that the properties of the mirror particles completely mirror those of the ordinary

particles. For example, the mirror proton and mirror electron are stable and interact with

the mirror photon in the same way in which the ordinary proton and electron interact

with the ordinary photons. The mirror particles are unlikely to be produced in laboratory

experiments just because they couple very weakly with the ordinary particles. In the

modern language of gauge theories, the mirror particles are all singlets under the standard

G = SU(3)®SU(2)L®U(l)y gauge interactions [104]. The mirror particles interact with a

set of mirror gauge particles, so that the gauge symmetry of the theory is doubled, i.e. G^G

(the ordinary particles are, of course, singlets under the mirror gauge symmetry) [104].
Parity is conserved because the mirror particles experience V^+A (i.e. right-handed) mirror

weak interactions while the ordinary particles experience the usual V — A (i.e. left-handed)
weak interactions. Ordinary and mirror particles interact with each other predominantly

by gravity. Glashow realized that the orthopositronium system provides one sensitive way

to search for the mirror matter [91]. Glashow's idea is that, if a small kinetic mixing

a la Holdom of the ordinary and mirror photons exists [90], it would mix ordinary and

mirror orthopositronium, leading to maximal orthopositronium - mirror orthopositronium

oscillations, see Fig. 3.3. Since mirror o-Ps' decays predominantly into three mirror photons
these oscillations would result in o — Ps •—> invisible decays in vacuum. Photon-mirror

photon kinetic mixing is described by the interaction Lagrangian density

L = eF^F'^ (3.22)

where FßU (F') is the field strength tensor for electromagnetisni (mirror electromag-

netism). This is the only rcnormalizible and gauge invariant term that can be added to

the SM Lagrangian. The effect of ordinary photon - mirror photon kinetic mixing is to

give the mirror charged particles a small electric charge [90, 91, 104]. That is, they couple
to ordinary photons with charge 2ecA.

Orthopositronium is connected via a one-photon annihilation diagram to its mirror

version (o-Ps') [91]. This breaks the degeneracy between o-Ps and o-Ps' so that the vacuum

energy cigcnstat.es are (o — Ps + o — Ps')/\/2 and (o — Ps — o — Ps')/\/2, which arc split
in energy by AE — 2hef, where / = 8.7 x 104 MHz is the contribution to the ortho-

para splitting from the one-photon annihilation diagram involving o-Ps [91]. Thus, the

interaction eigenstates are maximal combinations of mass eigenstates which implies that

o-Ps oscillates into o-Ps' with a probability:

P(p - Ps -> o - Ps') = sin2 ut, (3.23)

where u ~ 27ref.
The simplest case of o — Ps — o — Ps' oscillations in vacuum [91] leads to an apparent

increase in the decay rate because the mirror decays are not detected. The number of o-Ps

N satisfies

N = cos2 ut e-1^* ~ exp[-t(T3l + u2t)], (3.24)

4Note, that the direct experimental bound on e from searclies for 'milli-charged' particles is e ~ 1Ü-5

[94].
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Figure 3.3: The double degeneracy between orthopositronium mass eigenstates of ordinary

(b-Ps^ and mirror (b-Ps'J is broken when a smalt, mixing term, is included.

where T37 is the Standard Model decay rate of o - Ps defined in Eq.(2.12). Thus Teff sa

r37(l + u;2/r37) leads to a branching ratio of:

Br\o — Ps —» invisible) — —j

2(2lteff

r2M+A(27rcfY

(3.25)

The above calculation is not applicable to an experiment performed with a cavity

confining the positronium, because in this case the collision rate is not zero and the loss

of coherence due to the collisions must be included [83, 92] in the calculation. In this

case, assuming the collision rate is much larger than the decay rate TcM ~3> TSm [92], the

evolution of the number of orthopositronium states, N, satisfies:

—
~ -TSMN - TcMNp, (3.26)

where the second term is the rate at which o-Ps oscillates into o — Ps' (whose subsequent

decays are not detected). In this term, p denotes the average oscillation probability over

the collision time. That is,

P = Tcm [ ß-1»"1' sin2 ufdf ^ Fœll f e-r"ut'(ut')2dt', (3.27)
Jo Jo

where we have used the constraint that the oscillation probability is small, i.e. ut <C 1. As

long as t 3> I/Tcon, a reasonable approximation for a cavity experiment, then

2u2

1
œil

(3.28)
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Thus, substituting the above equation into Eq.(3.26), we have

,,
2u2 ( 2u2 \

reff ~ tsm +— = rSM(i +—— . (3.29)
Lcoll \ i-coiii. SM /

Therefore, the branching ratio for o — Ps —» invisible confined in a cavity can be written

as

2u>2
Br(o _ p, _ invM) .

rMrsMr<M +^
(3.3(1)

and, therefore, the limit on the mixing strenght, for an experiment with the o-Ps

confined in cavity, can be expressed as:

1 / BTo—Fs—»invisible,*- SM*- coll /,-, ,, . \

27r/V 2(1 -Bro—Ps—nnvisible)

Note, that the probability P(o — Ps —> o — Ps') can also be affected by an additional

splitting of o-Ps and o-Ps' states by an external electric or magnetic field [83]. This is quite

similar to the phenomenon of n — n [106] or muonium to antimuonium oscillations [107] in

various environments.

At present, there is some experimental evidence that mirror matter could exist, com¬

ing from cosmology as well as from the neutrino physics [108]. Recently, Foot discussed

implications of the DAMA and CRESST experiments for mirror matter-type dark matter,

which is coupled to ordinary matter through the interaction of Eq.(3.22) [109]. He has

shown that the annual modulation signal measured by the DAMA/Nal experiment [110],
as well as the CRESST [ill] data, can be explained by mirror matter-type dark matter if

the photon-mirror photon mixing strength is in the region

e ~ 4 x 10-9 (3.32)

Interestingly, this value of f is also consistent with all other known experimental and cos-

mological bounds, including SN1987a5 and the standard Big Bang Nucleosynthesis (BBN)
bound [114]. It is also in the range of naturally small e-values motivated by grand unifica¬

tion models [98].
If e is as large as in Eq.(3.32), the branching ratio Br(o — Ps — invisible) for the

invisible decay of orthopositronium in vacuum can be found with (3.30) and is of the

order:

Br(o - Ps -> invisible) -2x 10_fi (3.33)

For comparison, the BBN limits [114] deduced from the successful prediction of the pri¬
mordial 4He abundance are

f < 3 x 10"8 (3.34)

5The SN1987a limit e < 10 9S obtained in Ref. [112] is actually much weaker. For a more detailed

discussion of this and other constraints see Ref. [113]
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and

Br(o - Ps -> invisible) < 10"5 (3.35)

respectively.
Given the indications for the mirror world, coming from dark matter [109] and the neu¬

trino physics anomalies [108, 115], as well as the intuitive expectation that nature could

be left-right symmetric, it. is obviously important to determine experimentally whether

orthopositronium is a window to the mirror world or not. Recently, Barbicri et al. [116]
proposed to search for mirror particles at LHC. Moreover, a neutron-mirror neutron oscil¬

lation could provide a solution for the anomaly in the super-GZK excess in the cosmic ray

spectrum [117].
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Chapter 4

The search for o — Ps —> 7 + Xi + X2

In 2002, the experimental situation concerning the o-Ps lifetime was still not clear, so that

the positronium activity of our group started with the purpose of trying to shed some light
on the lifetime puzzle. The first experiment we performed, was a, direct search of the exotic-

three body decay of orthopositronium in one photon and two weakly interacting particles
o — Ps —> 7 + Xi + X2 with the sensitivity needed to exclude this decay definitely as the

source of the discrepancy. The photon energy spectrum from this decay mode has no peak,

differently from the two-body decay o-Ps —» 7 + X. Thus, the peak-hunting technique
used in the previous searches was not sufficient to exclude this decay mode. Astrophysical

arguments strongly constrained this decay mode [118], however, one can argue that these

arguments were model depending. This search was in the framework of the whole positro¬
nium activity and was very useful to acquire some knowledge about positronium technique
and to develop simulation tools, to be used for the future experiments.

4.1 Experimental set—up

In this section the main components of the detector, illustrated in the Figs. 4.1-4.2, and

the experimental technique are described.

4.1.1 The positron source

The isotope 22Na was used as a source of positrons for the experiment. The activity of 3.6

kBq was prepared1 by sealing a drop of 22Na solution between two 5 pm mylar foils. The

22Na has a half life of 2.6 years and its decay scheme is sketched in Fig. 4.4. The Q value

for the nuclear transition of 22Na to 21Ne is Q = 2.842 MeV. This is the maximum energy

available for the particles involved in one of the three possible decay modes of 22Na:

1. The ß+ decay with end-point energy 0.543 MeV that occurs in 90.6% of the cases.

*I would like to thank Mr. Robaud of the CERN radioprotection, who unfortunately retired in 2003,
for his sincere helpfulness in preparing the source.

27
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Figure 4.1: Schematic illustration of the experimental, setup (front view).

The positron is always followed by the prompt emission of a 1.27 MeV photon (~
3.7 ps delay) from the 21Ne* de-excitation to the ground state.

2. The Electron Capture process (EC) that takes place in 9.944% of the decays when

an orbital electron is captured by the nucleus via the reaction p + e~ —» n + ve. In

this decay channel, only the photon of 1.27 MeV and the neutrino are emitted from

the source.

3. There is a small fraction (0.056%) of decays, where there is no photon emission

because the transition goes directly to the ground state. In this case, the end point

energy of the positron is 1.83 MeV.

4.1.2 The positron tagging system

The 22Na source is sandwiched between two 120 pm thick scintillators fabricated by squeez¬

ing two 1 mm thick scintillator fibers. The light produced by positrons crossing one of the

scintillating fibers is delivered by the hit fiber to a pair of photomultipliers Philips XP2020

(PMT1 and PMT2 in Figs. 4.1-4.2). The coincidence of the signals from PMT1 and PMT2

is used to tag the positron emission and gives the starting time to for positronium formation

in the target.
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SiQ aerogel

Trigger BGO counter

Figure 4.2: Schematic illustration of the experimental setup (top view).

4.1.3 The Si02 aerogel target

The positrons, that crossed the fiber, enter the SiÛ2 aerogel target where they have the

possibility to capture an electron and form positronium. The SiÛ2 aerogel is a porous

material with a density of p
~ 0.1 g/cm3 and an average grain size of 50 - 100 A (see

Fig. 4.5).

In order to decrease the contribution of two photon events from collisional quenching
of o-Ps (see section on pick-off effect) the Si02 target was dehydrated in a vacuum of 10~2

Torr at a temperature of about 200°C during two hours prior to the installation inside of

the detector. Furthermore, during the data taking period high purity dry nitrogen was

flowing through the target to suppress the quenching, which arises from spin exchange of

Ps with the 02 present in air (see Section 2.2.2). This procedure increased the lifetime of

o-Ps in the prepared sample of the SiOy aerogel from ~ 80 ns to 132 ns giving a two photon

suppression factor of ^ 6.5.2 These lifetimes r^pg are measured from the decay curve (see

2This factor is defined as the fraction of o-Ps decaying in 2 7's in air (43%) divided by the fraction in

N2 (6.7%).
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Figure 4.3: Photograph of the ealoniniti r used for Ihe eiotic thice body dirai] seaieh o —

A^7l X1+X2

Fig. 4.6) by lilting the distribution to the fund ion in the interval from 180 11s to 1000 ns :

A-i.ip(-t/T^) + li (1.1)

where B denotes the Hat accidental background. One can determine the time when o-Ps is

completely thermali/ed in the target, plotting the starting time for the ht as a function of

the fitted lifetime. As will be shown in Chapter 6 approximately foi f — 100 ns, the o-Ps

is completely thermali/ed siiue the lit gives a constant value1 (or the hfetime. The number

of o-Ps decays 111 the tatget can then be calculated fiom the spectra

Compaimg the measmed lifetime t0^ =- 132.5 ± 1.2 ns with the lifetime in vacuum

(r-t7 ~142 ns, see Eq (2 12)) the probability of o-Ps quenching in the target is found to be

6.7%, using the foi inula.

Ill 1
, s

_ = _ + __ + _

_ (4_2)

The pick-off with the N2 gas molecules is negligible [119], thus, this quenching is mainly
due to the collision ol the o-Ps with the walls of the aeiogel poies.
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Figure 4.6: Comparison of the measured, annihilation time spectra in the aerogel target

filled with nitrogen and air, and spectrum, with, an aluminum target.

4.1.4 The 7-detector

The photons produced by the positronium annihilation are detected by a 4-tt crystal

calorimeter, schematically shown in Figs. 4.1-4.2. The detector is composed of an inner

and an outer ring of 8 and 14 BGO crystals, respectively, surrounding the target region.
Two additional BGO crystals serve as endcaps. Each crystal has a hexagonal cross section

of 52 mm diameter and a length of 200 mm. One; of the endcap counters, hereafter called

trigger counter, is also used for the measurement of the annihilation time of the positrons
relative to to (i0 is defined by the positron tag from the scintillating fiber). When one

of the annihilation photons is detected by the trigger counter, the remaining photons are

detected by the other BGO counters, subsequently called the VETO detector. The detec¬

tor is calibrated and monitored internally using the 511 keV annihilation photon and the

1.27 MeV photons emitted by the 22Na source together with the positron. Variations of

the energy scale are within < 1% and are corrected on the basis of an internal calibration

procedure.

The particles Xi and X2 are assumed to be weakly interacting penetrating particles.

Thus, the experimental signature of the 0 — Ps: —> 7 + Xi +X2 decay is the presence of

energy deposition in the trigger counter, within a time interval consistent with the delayed
annihilation of the o-Ps in the target, and no energy deposition in the VETO detector.
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4.2 Data acquisition

The tagged positron opens a 3 pa gate for the LeCroy ADC 2249Q to record the signals
from the BGO counters and the scintillating fiber PMTs. In addition, it provides the

start signal for the LeCroy TDC 2228A, that has been calibrated using an Ortec 462 Time

Calibrator. An event is recorded if an energy deposition ETRIG > 40 keV is detected in

the trigger counter within the 3 ps gate. A CAMAC-VME system interfaced to a personal

computer is used for the data acquisition (DAQ). The DAQ programs run under LabView

with a speed of about 180 events/s. For each event the following quantities are recorded:

• the charge, AL and A2, of the pulses from PMT1 and PMT2 and the time interval

AtV2 between them;

• the energy deposition ETRIG in the BGO trigger counter and the time interval Ate 17

between the trigger counter pulse and the e+ trigger from the fibers;

• the pulses from each of the 23 BGO crystals for the measurement of the total energy

deposition in the VETO detector.

4.3 Event selection

The experimental signature of the o — Ps —> 7 + X-\ + X2 decay is an energy deposition
in the trigger counter and no energy deposition in the VETO detector. In fact, since the

particles Xi and X2 are assumed to be weakly interacting penetrating particles, they don't

deposit energy in the calorimeter.

In order to select candidate events for o-Ps decays from the sample of 2 x 107 recorded

events, the following cuts, shown in Fig. 4.7, were applied:

• the PMT1 and PMT2 pulses from the scintillator fiber in the energy range 60 keV <

Alt2 < 400 keV;

• the time difference between PMT1 and PMT2 pulses is \Atn\ < 3.8 ns:

• the time difference between the PMT pulses from the scintillator fibers and the trigger
counter signal is required to be in the range 160 < Ate+7 < 800 ns;

• the presence in any single BGO crystal, except the two endcaps, of an energy depo¬
sition in the range 1100 keV < E\ 27 < 1500 keV from the prompt emission of the

1.27 MeV 7 associated with the e+ decay.
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Figure 4.7: a) Distribution of energy deposited by positrons in, the scintillator fibers; b)
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spectrum, in the BGO crystals. The dashed areas on the plots represent the corresponding
cuts used for the event selection. See the text for more details.

4.4 Results

After imposing the above requirements, 338'786 candidate events were found. The dis¬

tribution of these events in the scatter plot Eyuxo versus Etrjq is shown in Fig. 4.8(a).
Here, Eyeto is defined as the sum over all BGO crystals minus the energy deposited in

the trigger crystal and the energy deposited by the 1.27 MeV photon:

Eyeto — ££7; — Etbjc — £u 27 (4.3)

As expected for a positronium decay into photons, the events accumulate around the line

Eyeto + -Etu/g — 2me, where m,e—511 keV is the electron or positron mass.

In Fig. 4.8(b) the region of the scatter plot for Eyeto< 35 keV is shown. The box for

Eyeto < 20 keV and Etrtc < 400 keV defines the signal region. The cut on the photon

energy Ethic < 400 keV is applied, on the one hand, to reject events with two photons
from the o-Ps —» 37 decay depositing energy in the trigger counter, and, on the other

hand, to eliminate background from o-Ps annihilation into two photons due to collisional

quenching.
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The cut Eyeto < 20 keV is chosen according to the measured width of the zero-

energy peak in the VETO detector (see Fig. 4.9). For this measurement, prompt positron

annihilation events (A£e, +
7
< 160 ns) are selected with one 511 keV photon in the trigger

counter. The spectrum measured in the VETO counter for zero-energy events, i.e. when

the second photon escapes detection, shows that 95% of the zero-energy signal is collected

in the region Eyeto< 20 keV. The width of the zero-energy signal spectrum is determined

mostly by the overlap of events close in time, while the contribution from the ADC pedestal
fluctuations is found to be negligible.

The distribution of the VETO energy for Eyeto < 500 keV is shown in Fig. 4.8(c).
The distribution of the events with Eyeto > 20 keV can be extrapolated into the signal

region to evaluate the background contribution in this region. The fit, shown in Fig. 4.8(c),
results in a background estimate of Nfckg — f .6 ± 0.8 events, where the error is roughly

evaluated from the uncertainty related to the extrapolation procedure itself.

As shown in Fig. 4.8(b) and (c) one event is found in the signal region. This is consistent

with the background evaluation described above. Hence, no evidence for the decay o—Ps —>

7 + Xi + X2 is found.

This result allows us to set an upper limit on the branching ratio Br(o — Ps —»

7 + Xi + X2) at 90% confidence level (CL) from the expected upper limit of signal events,

No-p.s^-y+Xi+x2- Due t° the uncertainty on the background estimate, we have conserva¬

tively chosen not to subtract this background. Using Poisson statistics [120] for 1 event

observed and 0 background events expected, the upper limit is AT^'p, +x +x
=3.8 events.

Given the measured number Ao_pfi of o-Ps decays in the target, the numbers N0-ps^1+xi+x2
and ./V0_ps^37 of o — Ps —> 7 + Xi + X2 and o-Ps —* 37 decays, respectively, detected in

the trigger counter, are given by:

iV„_^^7+Xl+x2 = N0-t>*Br(o - Ps -v 7 + XL + X2)el7 (4.4)

yV0_P.w37 = N"0_piSe37 , (4.5)

resulting in the branching ratio

f
Nup

Br(o - Ps - 7 + Xi + X2) < -2L °-p«-»7+x1+x3
_ ,^

ÉI7 Af„-ps_>37

Here, ?i7 and f37 are the efficiencies for 0 — Ps —> 7 + Xi + X2 and for o-Ps —» 37

decays, respectively. These efficiencies are evaluated with a Monte Carlo simulation of the

detector response to both decay modes. For the o — Ps —> 7 + Xi + X2 decay, phase space

distribution of the photon and the two particles Xi and X2 is assumed. It is found that

for the kinematically allowed region of masses 7/ixi + "*x2 < 900 keV the efficiency ratio

varies in the range 3.0 < f37/el7 < 3.7. The lower value corresponds to el7 calculated for

mXl + mXj-ü keV. The upper value corresponds to rnx, + mx2=900 keV. The efficiency
for the o — Ps —> 7 + Xi + X2 is relatively high over the entire kinematically allowed mass

range owing to our low trigger threshold of 40 keV. For the determination of the limit, we

conservatively take the value e37/ei7 — 3.7. The number of o-Ps decays in the target is
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Figure 4.8: Distributions for events from o-P.s—> 7 + anything decay: a) distribution of the

VETO energy Eyeto vs the energy E^rig m the trigger counter; b) close-up of the scatter

plot for Eyeto < 35 keV; the rectangle represents the signal region, for o—Ps — 7+X1 + X2

events; c) distribution of Eyeto for events in the region 40 keV < ETIUG < 400 keV.

The line represents the result of a fit of the Eyeto distribution, allowing to estimate the

background contribution in the signal region. One event is observed, in the signal region.

evaluated from the decay curve of Fig. 4.7(c) by fitting the distribution to the function 4.1.

After taking into account the pick-off fraction, the total number of detected o-Ps decays is

determined to be 3.2xl05.

4.5 Conclusions

Finally, our 90 % CL limit on Br(o — Ps —> 7 + Xi + X2) for the photon energy range

40 < E1 < 400 keV and masses mXl + mx2 < 900 keV is:

Br(o - Ps -> 7 + Xi + X2) < 4.4 x HP5 (4.7)

Figure 4.10 shows the exclusion region as a function of the masses (m-\ + rn2). This

limit is 20 times smaller than the value needed to explain the discrepancy in the o-Ps decay

rate. Therefore, it excludes unambiguously the o — Ps — 7 + Xi + X2 decay as a solution

to the puzzle3.

3Please, note that this experiment was performed in 2002, in the meantime the o-Ps lifetime puzzle has
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been solved as explained in the introduction.
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Chapter 5

The design of the experiment:
o — Ps —» invisible

In this chapter, the design of the experiment to search for the decay o — Ps —> invisible

with a sensitivity better than 10~8 is presented. The feasibility of the experiment has been

studied with a Monte Carlo (MC) simulation in Geant 3 (described in the Appendix A),
cross-checked and tuned with the data of the experiment discussed in the previous chapter.

XP 2020

Scintillating Fiber

Figure 5.1: Front view of the calorimeter.

XP 2020

nner BGO Ring

Since the previous search served as the base for the new experiment the detector (shown
in Figs. 5.1, 5.3 and 5.4) is similar, and yet slightly different as will be explained in the

next sections, because its main components are improved to reach the desired sensitivity:
the positron source (22Na), the positron tagging system, the positronium formation Si02

target and the hermetic 7-dctector. An issue, which was not acknowledged in our previous

39
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Figure 5.2: Sketch of the expected energy Etot measured in the calorimeter and of the zero

energy peak.

experiment, arose because of the huge statistics required for this experiment, at least 10i0

fiber triggers should be collected: the stability of the system, to run for several months,

became relevant, and it was realized that the DAQ speed should be increased significantly.

5.1 The experimental signature

Similar to our first experiment, the coincidence of the PMT signals (see Fig. 5.1) from

the positrons crossing the fiber opens the gate for the DAQ. In the off-line analysis, the

1.27 MeV photon, which is emitted from the source simultaneously with the positron (see
Fig 4.4), is required to be in the trigger BGO counter (hereafter called TBGO, shown in

Fig. 5.3), resulting in a low ratio RT — Rjake/Re+ between fake triggers which are not

produced by a positron and real positron triggers. A positron which enters the Si02 target

may capture an electron, creating positronium. The calorimeter detects either the direct

27 annihilation in flight or the 2(3) photons from the para (ortho)-positronium decays
in the target. The sum of the total energy deposited by the annihilation photons in the

detector, is given by:
all

Etot — / Ei — Etbgo (5.1)

In the ideal case, Etot should be the mass of the positronium, i.e Mps — 1022 keV. In reality,
the peak will be smeared by the experimental resolution of the crystals. Furthermore, the

losses due to the absorption of a part of the photon energy in the dead material (i.e. in
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Aerogel Target

20 cm

Figure 5.3: Side view of the calorimeter.

the target, in the wrapping of the crystals or in the fiber) or photons escaping detection,

will result in a tail towards low energy. An artistic illustration of the spectrum, expected

from the sum of Eq.(5.1), is sketched in Fig. 5.2. The low-energy tail should be minimized

to reduce the probability for an event to be identified as depositing zero energy.

The experimental signature for the detection of o — Ps — invisible decays in the

experiment would be a peak around Etot — 0, as shown in Fig. 5.2. In fact, the occurrence

of an o — Ps —> invisible decay would appear as an excess of events with zero-energy

deposition in the calorimeter above those expected from the Monte Carlo prediction or

from the direct background measurement. The zero energy threshold can be defined as the

sum of all the pedestals from the crystals that contribute to the sum of Eq. 5.1. If all the

pedestals are assumed to be Gaussian with the same sigma, the resolution of zero energy

peak after the sum, atot, will satisfy,

atot^y/N-a. (5.2)

where N is the number of crystals. This means that for 99 crystals with a<r-2 keV (the
typical value measured in the previous search for our BGOs), one obtains a au,t of about 20

keV. This is an over-simplified picture, in reality one cannot assume a Gaussian behaviour

of the pedestals and all the crystals to have the same a, thus, the pedestals should be

measured for every crystal. The main contribution to the pedestal broadening and to the

tail on the right side are:

• The pick-up noise from the electronics.



42 CHAPTER 5. THE DESIGN OF THE EXPERIMENT: O - PS -> INVISIBLE

Figure 5.4: View of the detector and detail, of the o-Ps formation region.

• The overlap of close in time annihilation events (so called pileup events).

• Some of the energy deposited in one crystal could be seen by the other crystals

surrounding it (cross talk).

An advantage of using 22Na as a positron source is that the shape of the zero energy events

spectrum can be determined experimentally. The method is to trigger only with the 1.27

MeV photon without the requirement of the fiber coincidence. This can be done setting a

hardware threshold on the trigger counter. As it was explained in the Section 4.4, in 10% of

22Na decays electron capture takes place, thus, only the 1.27 MeV photon is emitted from

the source. Therefore, this decay mode imitates the signature of an invisible decay because,

once the photon is identified in the trigger counter, no other energy will be detected in the

rest of the calorimeter. The results of this method will be presented in Chapter 9. To use

a random trigger for this purpose will not lead to a precise measurement of the pedestal
because in this case the effect of the triggering photon will not be considered. For example,

some energy could be detected in the crystals surrounding the TBGO broadening the

pedestal. Nevertheless, such a measurement is very useful to determine the probability for

the pileup in every crystal [121] and the efficiency for zero signal detection (see Chapter 9).

5.2 Improvements of the detector

Compared to the previous searches for o — Ps —» invisible decays [81, 82] mentioned in

Section 3.2, the main improvements in our detector are:

• The efficiency of annihilation photon detection was improved using a more hermetic

calorimeter.
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• A low ratio RT between fake and real positron triggers was achieved with the use

of two PMTs in coincidence. This was essential because fake triggers can mimic an

invisible decay.

• The trigger rate and the DAQ speed were increased to improve the statistics. The

optimal activity of the positron source was determined in order to compromise the

maximal trigger rate and the reduction, due to pileup, of the efficiency for the signal

detetection.

• A higher fraction of o-Ps is produced resulting in a suppression of the background
from the 27 annihilation and in an increase of the statistics.

• The region around the target was designed with as little dead material as possible in

order to reduce the photon absorption.

• A method for the precise determination of the energy deposited in the fiber was

developed to suppress the background from the electrons emitted in the EC process

(shake-off electrons).

• A new method to veto the charged particles entering the trigger counter was used to

reduce the backgrounds related to them.

In the next sections, all these points will be discussed in more detail.

5.3 The positron source

5.3.1 Choice of the source

A comparison between 22Na, used in the former search, and other ß+ radioactive isotopes

with a sufficient long lifetime (> 1 year, 3 times the data taking), has been made to combine

the required confidence level for positron tagging with the minimal amount of dead target

material and a high stopping efficiency of positrons in the target.

Unfortunately, nature does not offer many positron sources suitable for such an exper¬

iment. A long enough lifetime, the absence of other decay channels in charged particles
that could simulate a positron in the fiber and a not too large end point energy of the

positron are required. The last requirement comes from the fact that isotopes, such as

68Ge, have a positron end point energy of 1.899 MeV, requiring a target twice as thick to

stop the positrons with the same efficiency. Therefore, the amount of dead material would

be a factor 8 bigger and consequently the background associated with the absorption of

energy in the target would be increased dramatically (almost 1 order of magnitude). Fur¬

thermore, 22Na has the advantage of emitting a photon of 1.27 MeV with the positron (for
the ones with end point energy 546 keV), providing a very good signature of a positron

appearence in the detector. Only in 0.056% of the cases the positrons are not accompanied

by the photon (as pointed out in Section 4.1.1). Hence, taking all these considerations into
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account, we conclude that 22Na is the best compromise for our measurements in order to

have a ratio RT for positron tagging signals less than ~ 10~10.

5.3.2 The source activity

The chosen source activity was based on a compromise between the required trigger rate

and a decrease in the signal efficiency, mostly due to the overlap of events close in time. The

optimal source activity has been determined to be about 30 kBq, for which, according to

the simulation, the signal efficiency drops down to e = 86% (the signal of o—Ps —> invisible

was defined as an event depositing less than 80 keV in the 7-detector). The sensitivity

So-ps^invisibie for the experiment is defined as the level at which the first background event

is expected. As a function of the source intensity the sensitivity can be estimated from:

So-Ps^invisible ~ 1/(-cV„-Pk f) (5.3)

where N0_j>s is the number of o-Ps events collected and e is the efficiency to detect an

invisible decay. The main contribution to the inefficiency arises from the pileup, therefore,

this effect has been included in the simulation and has been measured for each crystal

using an random trigger (details will follow in Chapter 9). Since the gate length (~ 3 ps)
is big compared with the BGO signal (~ 0.3 pa), a simple estimation is:

Cpticup = 2-9- A (5.4)

where the factor 2 takes into account that the pileup can enter from both sides of the gate,

g is the gate length for the ADCs and A is the source activity. Obviously, the gate length

plays an important role (especially looking at the simulation), and therefore, one has to

compromise it to maximize the signal efficiency versus the probability of orthopositronium

to decay after a certain time. Once this probability p(t) is defined, the optimal gate length

to can be estimated with:

tG = l/ln(p(t)) r37 (5.5)

where r37 is the lifetime of o-Ps in aerogel (see Eq.(2.12)). Aiming for a sensitivity in the

order of 1 — 10~8 gives a gate length of about to = 2.6 ps. Furthermore, one has to add at

least 300 ns to this value to have enough signal, for the o-Ps decaying near the end of the

gate, not to loose this event due statistical fluctuation. Therefore, the gate length for the

experiment was chosen to be about 2.9 ^ts.

5.3.3 The source holder

In the previous experiment, the source was deposited and wrapped on a mylar foil. To

remove this dead material and eliminate a background related to it, the radioactive isotope

was deposited directly on the scintillating fiber. In fact, the EC photon can trigger the

fiber in a Compton interaction with an electron of the holder material. If the scattering

angle is small, the energy loss of the photon is not large (e.g. < 100 keV) and therefore, it
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Figure 5.5: Sensitivity of the experiment as a function of the source activity for 120 days

of running.

can still be identified in the trigger counter as a 1270 keV photon. In this case, an invisible

decay will be imitated, because no annihilation photons are produced.

5.4 The positron tagging system

The tagging system for the experiment was designed in order to ha.ve a ratio Rt between

fake and real positron triggers lower than 10~10. It is composed of a thin scintillating fiber

viewed by two read-out PMTs and a crystal detecting the 1.27 MeV photon, called hereafter

the trigger counter (TBGO). At the cost of dramatically reducing the statistics, compared
to our former experiment, just a single fiber, instead of two, tags the positrons and only

one BGO (referred to as the TBGO), instead of all, identifies the 1.27 MeV photon. The

great advantage of the new tagging system is to suppress background similar to the one

arising from the EC photon described for the source holder (see detailed discussion in

Section 5.4.3).
Furthermore, a new method, described in detail in Chapter 7, was proposed and used

to veto the charged particles (i.e positrons and electrons) entering the TBGO which would

be a source of background. In addition, it has been realized that, compared to our previous

search, a more precise measurement of the energy deposited in the fiber is essential to get

rid of the most dangerous background source: the ejection of an atomic electron from a

shell that can be emitted with some probability in the EC process (see Section 5.4.4). For
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this purpose, the second endcap, not used for the 1.27 MeV photon recognition, detects the

light from the fiber through the aerogel and a hole in the wrapping. This trigger system

provides a relatively high efficiency and a small amount of dead material.

5.4.1 The scintillating fiber

Several scintillating fibers have been tested with both, square (Kurari) and round cross

sections (Bicron). Finally, the Bicron BCF-12 were preferred over the others for their very

low attenuation length, their very little cladding material (3% of the fiber diameter), their

small diameter (0.5 mm) and good light yield.

Emission

Color

Emission

Peak

Decay
Time (ns)

l/e Attenuation

Length (m)

No. of photons

per MeV

Blue 435 3.2 2.7 8000

Table 5.1: Properties of the BCF-12 scintillating fiber.

Different squeezing methods have been investigated and since this procedure was not

easy to control, the fiber with the best efficiency was selected empirically after testing, as

will be presented in next chapter.

5.4.2 Accidental trigger suppression

The EC photon (1.27 MeV) may accidentally coincide in time with a fake positron trigger

generated either by the PMTs noise or by some other particles emitted from impurities
in the source triggering the fiber. The PMTs XP 2020 have been chosen for their low

noise and for their spectral sensitivity, that fits the emission spectrum of the fiber. The

probability to have an accidental trigger from the noise of the XP 2020 used to read the

fiber, can be estimated with:

KœUie.niaUxF = 2 ATXp NoiseXFi NoiseXp2 (5.6)

where ATXp is the time interval between the pulses form the 2 XPs. Therefore, the

probability to have in chance coincidence such a fake fiber trigger and a 1.27 MeV EC

photon in the trigger BGO is given by:

Raccidnntals ~ 2 • ATtrcO ' PacrAdnntalsXp ' ^EC (5.7)

where the detection rate of the 1.27 MeV photon in the TBGO (Reg) is,

R-EC — ^1.277
' P-ECsource (5.8)

ei 277 being the efficiency of the detection in TBGO and Rscsource being the rate of EC pho¬
ton emission from the source (i.e. 10% of the source activity). To calculate the accidentals
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generated by some other radioisotopes present in the source, one can replace RaccidentaisXp

with the rate due to these contaminations. Assuming that all particles emitted deposit

some energy in the fiber and knowing the purity of the source, an upper limit on the fake

trigger rate can be set. From these equations, the importance of having 2 PMTs in coin¬

cidence, instead of a single one, as in [81, 82], can be appreciated. Moreover, one realizes

that it is essential to have the 1.27 MeV as a further requirement in the trigger. A selection

of the best PMTs has been made after testing different XPs, considering the noise rate

versus the best quantum efficiency. The requirement on the energy deposited in the fiber

suppresses further the accidental rate, with a factor that can be measured experimentally

taking the noise spectrum of the PMTs.

5.4.3 The trigger counter

The energy resolution of the TBGO was found to be one of the most important parameters

of the setup. The TBGO needs to have the best resolution in order to have a good

separation of the 1275 keV and the 1786 keV (1275 keV + 511 keV) peaks. If one (or

more, if e.g. one photon is backscattered in the target) of the positronium decay or direct

annihilation photons overlaps with the 1.27 MeV in the trigger crystal, it can be absorbed

in the energy window for the selection of the triggering photon (the 1.27 MeV) due to the

low-energy tail of the 1786 keV peak (see Fig. 5.6). This effect introduces a dangerous

background for the experiment if the remaining annihilation photon gets absorbed in the

dead material or escapes detection since this decay will have the same signature as an

invisible one.
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Figure 5.6: Illustration, of the absorption of a 511 keV photon, in the energy window for the

1.27 MeV photon that can occur for events in the overlap region.
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Fake trigger suppression

As mentioned at the beginning of the this section, the trigger counter needs to give a good

discrimination between charged particles and photons in order to eliminate the background

sources related to the misidentification of the 1.27 MeV photon, required as an off-line

trigger.
A fake trigger can be produced by the 1.27 MeV electron capture photon when it

interacts with an electron in the fiber (bear in mind that in this case there is no positron

emission). The Compton electron can deposit some fraction of its energy in the fiber,

opening the gate for the DAQ. If the scattering angles is small the photon could be identified

as a 1.27 MeV. Since no annihilation photons will be present, this event will simulate an

invisible decay. The same can happen for larger scattering angle when the Compton

electron, after triggering the fiber via Multiple Scattering (MS), is detected in the same

BGO crystal hit by the photon (Fig. 5.7). The sum of the energy of the two particles can

be misidentified as the triggering photon. If one would use all the crystals to detect the

1.27 MeV gamma as in the previous search, the background level would be about 10 "5.

To eliminate this possibility only one trigger counter has been used, namely the endcap

counter opposite to the direction of the positron entering the fiber and the aerogel. This

reduces the background by an order of magnitude. The remaining background is associated

with the 1.27 MeV EC photon and the Compton electron when both scatter back to the

TBGO. As shown in the Fig. 5.7, if the photon hits the TBGO, it will have between 300-

400 keV energy, therefore, the Compton electron energy will range from 900 keV to 1 MeV

if it triggers the fiber via MS and looses only a small fraction of its energy (e.g ~ 50 keV).

Aerogel 6x6x3 mm3

Y(0.3-0.4MeV)

TBGO VETO

c- (9001

Fiber 500 u,m diameter

Figure 5.7: Schematic illustration of the background related to EC photon.

Another possibility to generate background, is from positrons imitating the 1.27 MeV

photon if the latter is not detected or is not present in the decay process of the radioactive

source. There are two ways:
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y (1.27MeV) from EC escaping detection

Aerogel 6x6x3 mm3

VETO

Fiber 500 um diameter

Figure 5.8: Schematic illustration of the background related, to positrons.

1. If the 1270 keV photon escapes detection a fake trigger can be produced by a positron

that multiple scatters in the fiber and deposits enough energy to trigger the exper¬

iment (e.g. 100 keV). If the positron reaches the trigger counter (Fig. 5.8) with a

kinetic energy of about 200-300 keV and the energy of two 511 keV annihilation pho¬

tons is completely absorbed in the trigger crystal a misidentification as a 1.27 MeV

photon will result. As a consequence, this will appear as an invisible decay since no

energy will de detected in the rest of the detector.

2. The 1.83 MeV positron (see Section 4.4) can produce the same kind of background.

To keep in mind is that in this decay channel the positron is not accompanied by the

1.27 MeV 7.

5.4.4 The fiber spetroscopy

In the EC process, the sudden change in the nuclear charge can result in the ejection of an

atomic electron from a shell (so called shake-off electron). This electron can trigger the fiber

giving a fake trigger. Primakoff and Porter [122] obtained quantitative expressions for the

total probability of electron ejection (Pejec) and their momentum distribution (Dejec(pe)).
They considered only the electron capture from the K-shell and they neglected the influence

of the L,M,...electrons on the K-electrons. In Fig. 5.9 the calculated emission probability

per decay is plotted as a function of the ejected electron kinetic energy [122].

Pejec ~ 0.08/Z2 ~ 6.6 x 10" (5.9)



50 CHAPTER 5. THE DESIGN OF THE EXPERIMENT: O - PS - INVISIBLE

where we used that the atomic number of the decaying nucleus for 22Na is Zi — 11

Df:jliC(Pc) = Dß- (pe) -exp y

1 +

-4-(Z,-l)
137-ft.
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In our specific case p„ — 1560 keV is the neutrino end point energy in sodium, B(zt--i) =

0.870 keV [123] is the binding energy of the K-shell electron in neon. The normalisation

constant C = 606.9 can be found requiring the integral of (5.10) to be equal to (5.9).
This calculation is in good agreement with other more sophisticated ones. Intermann

[124] used a semi-rclativistic approach treating the interaction of the initial state with

the two electrons in the K-shell as a perturbation. He obtained a quite similar spectrum

and ejection probability, but a factor 2 smaller total probability. Additionally, he derived

the angular distribution of the electrons. Law and Campbell [125] calculated this process

relativistically, using Dirac wave ructions with initial state Coulomb interaction. They got

results that were a factor ten higher in the shake-off probability. However, Intermann [126]
showed that this overestimation was due to the fact that in their approach they neglected

the admixture of higher states in the initial interaction of the two electrons [126],
As one can see in the Fig. 5.9, the probability of an electron ejection steeply drops

with the kinetic energy (more than 4 orders of magnitude in the first 100 keV). Therefore,

requiring the energy deposited by the triggering particles to be larger than 100 keV strongly

suppresses this background from the ejected electrons. The number of photoclectrons in the

photomultiers reading the fiber has been measured to be 1.2 — 1.7 for positrons crossing

the fiber. Unfortunately, this is not enough to apply a meaningful cut to suppress this

background to the required level. Therefore, the use of the endcap crystal as a spectrometer

of the fiber is essential and has been investigated. The photons emitted when a positron

crosses the fiber are detected with the BGO photomultiplier. In this configuration, the

number of photoelectrons resulted to be a factor 10 bigger than in the XPs, making a cut

on the energy feasible. This method will be discussed in detail in Chapter 7.

The detailed evaluation of all the backgrounds with the MC and the comparison with

the data will be presented in Chapter 6.

5.5 The Si02 aerogel target

The choice of the aerogel as a target is motivated by the fact that it is a very efficient

positronium formation medium and that it can be exploited as a micro gas cell. The
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Figure 5.9: Ejection probability for the shake-off electrons as a function of their kinetic

energy

average implantation depth of 22Na positrons into the aeiogel, for a density of Q.llg/cm*,
is about 2.2 mm The positronium formation probability is 45% of the injected positrons

for the typical grain size of 5 nm [55].
To perform a subtraction of two data samples collected by flushing the target either

with dry nitrogen or with air (see Chapter 10), it is necessary to have an aerogel that

does not degrade when exposed to air. Therefore, a new type of hydrophobic aerogel

purchased from Matsushita Electric Works and named SP30, was selected. The target size

has been minimized using the simulation, the background versus the stopping efficiency

(o-Ps formation) was optimized. Ideally, a SiÜ2 aerogel hemisphere with a iadius of 4

mm should be used where, according to the simulation, more than 1/4 of the positrons

triggering the fiber will stop. Unfortunately, cutting such a shape with standaid methods

is not an easy task and to say the truth, even a rectangular one is already a challenging

job (i.e. with a razor blade). However, since the new target is hydrophobic, we thought to

use a water jet to cut the target and we realized that this technique was very promising.

The 2D cutting was performed without problem, but the 3D cutting process did not work

for technical limitations, thus a cube of dimensions 8x8x4 mmJ has been employed

instead of the forseen hemisphere1. These dimensions have been optimised to minimize the

dead material, while keeping enough thickness to stop positrons efficiently. The simulation

1I would like to express my giatitude to the Waterjet Company and the Fadihochschule of Wiiidisch

for their help m cutting the aeiogel.
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shows that the probability to absorb more than 900 keV photon energy is less than 10~lü

for the chosen dimensions.

5.6 Calorimeter

The BGO crystals used in the search for a three body exotic decay of o Ps have been

lent to us by the Paul Scherrer Institute (Villigen, Switzerland)2. For the first experiment,

we used only 24 of the 128 crystals that were at our disposal. This is a real chance if

one thinks that the cost of such an amount of BGOs is about 1.5 MCHF. However, one

could argue that this is not the best choice for such a low energy experiment since BGO

has a rather low light yield compared to Nal (see Table 5.2). Nevertheless, they have two

advantages: a very high Z and they are not hygroscopic. After the considerations of the

following paragraphs, it was understood that the choice of BGOs, as the Electromagnetic
Calorimeter (ECAL) for this kind of experiment, was well motivated not just from the

financial point of view.

5.6.1 Hermeticity

The total ECAL mass W is given roughly by

A-jr

W~—pI? (5.12)

where p and L are respectively the mass density and the radius of the ECAL detector.

Here, L is the lenght required to absorb a 511 keV photon with an inefficiency of less than

10~4. The relevant parameters, for different types of materials composing a possible ECAL

for this type of search, are listed below in Table 5.2.

The required mass is minimal for an ECAL made of BGO because of the high effective

Z of this material (the photo-absorption cross-section is a ~ Z4,5 [128]). As said before,
another important feature offered by BGOs is that they are not hygroscopic thus, no

additional dead material has to be introduced, only the wrapping to efficiently transport

the scintillation light to the photomultiplier is required. As mentioned, the previous search

o — Ps —> 7 + Xi + X2 was used to cross-check and tune the simulations (see Appendix

A). For the previous detector, the inefficiency for a 511 keV 7 detection was predicted
to be (1.0 ± 0.2) x IO-4. The comparison with the data resulted in an agreement within

30%. The measured low energy part of the spectrum, shown in Fig. 5.10, was quite well

reproduced. Thus, the simulation was used as a powerful tool for the design of the new

experiment.

The crystals have hexagonal shape with a length of 200 mm and an outer diameter of

52 mm, their original wrapping is 0.75 mm thick Teflon. In order to reduce this amount

of dead material, the inner ring of BGOs was wrapped with 2 pm thick foil, aluminized on

both sides with 1000 A thick layers. The required number of crystals (~100), determined

2Sineere thanks to W. Fetscker and A. Badertscher for their intervention in the negotiations.



5.6. CALORIMETER 53

ECAL type BGO Nal(Tl) CsI(Tl) Liquid scintillator

Attenuation length,
at 511 keV —1 cm —2.5 cm —1.9 cm —10 cm

density,

gfem? 7.1 3.6 4.5 1.0

Required ECAL

mass, kg -240 -1890 -1034 -33510

Light yield,

AysllkeV - 4 IO3 - 20 103 - 10 • IO3 - 2 • IO3

Temperature gradient of

light yield (%/°C at 20°) -1 0.6 <0.2

Decay constant (ns) 300,60 230 -900 70

Temperature gradient of

decay constant (ns/°C at 20°) -6.4 -2

Hygroscopic no yes slightly no

Table 5.2: Comparison between different possible detector materials for the ECAL suitable

for an o — Ps —» invisible search [127].

100

Energy (keV)

200

Figure 5.10: Comparison between MC simulation (points) and data, of the experiment

(dashed line)

with the simulation, provides an almost isotropically uniform thickness of 200-220 mm of

BGO. A rough estimate of the number of BGOs needed can be done with this argument.

The 511 keV photons have an attenuation length of about 1 cm in BGO, thus for 20 cm
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BGO the escape probability is about 10~9. The geometry of the ECAL composed of four

rings is sketched in Figs. 5.1 and 5.3. The three inner rings are doubled while the fourth is

a single layer. This outer ring is doubled only in two places to let the fiber enter the ECAL.

An S shape fiber geometry has been used to prevent annihilation photons escaping through

the holes where the fiber is guided into the positronium formation region (Fig. 5.1).

5.6.2 Energy resolution of the ECAL

The 128 BGOs at our disposal have been irradiated with a 22Na source to make a selection

of the best crystals. The resolution at 511 keV ranges from 25 to 30% (FWHM) and from

16 to 22% (FWHM) at 1.27 MeV. The crystals have been arranged so that the better ones

lie in the inner most ring, while the worse crystals are in the outer rings. This is obvious

since the majority of the annihilation photons interact in the inner most crystals.

As mentioned, the wrapping of the first ring has been replaced to minimize the dead

material, however, it was essential to ensure that the energy resolution would not be

affected and that no crosstalk was introduced (see next chapter). For the crystals wrapped

in aluminized mylar the light yield was measured to be 200±14 photoelectrons per MeV.

This yields a probability of zero energy detection due to statistical fluctuations of the

number of photoelectrons3, to be less than 10_il, for the zero energy signal defined as

events with energy deposition less than 80 keV (see Chapter 9).
The importance of having a good resolution for the trigger BGO (TBGO), was pointed

out in the Section 5.4.3. After investigating many possibilities, including Nal, Csl, LSO

(see Table 5.3), the simulation showed that BGO with an improved resolution would have

been the best choice. In fact, Nal and Csl could not provide sufficient hermeticity for

the photons even doubling their dimensions compared to the 200 mm of the BGO, since

the sizes of the other BGOs surrounding them were given. Furthermore, the fact that

these crystals were hygroscopic and hence need a thick and tight wrapping was a reason to

exclude them. LSO is a very good candidate since Z, the light yield and the timing are very

good but unfortunately, it cannot be produced with the required dimensions. Therefore,

Type of density Decay time Light yield MC predicted

Crystal g/cm3 ns relative to Nal trigger efficiency

BGO 7.1 300 15 20% 4.5%

Nal 3.67 200 100% 3.02%

CsI(Tl) 4.51 460,4180 85% 3.57%

LSO 7.4 40 75% 4.5%

Table 5.3: Comparison between the possible crystals for the trigger endcap

we decided to buy a new BGO from St.Gobain since they could provide a much improved

sThis is a simple estimation that assumes Gaussian tails, the result is just an indication of the expected
order of magnitude, the correct approach uses the simulation.
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resolution (they guaranteed a factor 1.5 better than the best one we had). This achievement

is mostly due to a better quality of the crystal and an improved light collection. The latter

has been ameliorated by polishing only the face in contact with the photomultiplier and

rugging the remaining ones, instead of polishing all of them as was done with our BGOs.

Additionally, the PMTs ETL 9664 can provide a more uniform light collection and a higher

quantum efficiency than the ETL 9954. Hence, we decided to buy two such crystals.

5.7 Electronics and DAQ

In the search for a three body exotic decay of o-Ps, a CAMAC system interfaced with the

PC through the VME was used, the speed was about 180 events/s. For the high statistics

recmired in this experiment, however, this was not enough. Thus, the choice to use a pure

VME system based DAQ was made. The CAEN Charge (Q) to Digital Converter (QDC)
v792 with a sensitivity of 400 pC and the Time to Digital Converter (TDC) v775 with a

resolution of 300 ps with a range of 1.2 ps ,
were selected.

Module name Function Channels Conversion time Used

v792

v775

QDC
TDC

32

32

5.7 ps

5.7 ps

5

1

Table 5.4: Properties of the CAEN modules used in the experiment

Furthermore, it was realized that the experiment should run under stable conditions for

several months. A thermalized light tight box (see Fig. 5.11), containing the calorimeter,

was conceived in order to keep the temperature of the BGOs in the range of ±0.5 °C

Water, kept at the right temperature by two thermostats, was circulating inside the box

through copper tubes welded on two copper plates. The lab was air conditioned to keep

the electronics in an environment with temperature variation not exceeding ±1°C. The

high voltage (HV) dividers of the BGO PMTs and of the two XPs reading the fiber were

placed outside the box and flat cables brougth in the divided HV to feed the dynodes

directly. This was necessary in order to avoid energy dissipation in the dividers, which

would warm up the box (the thermostat would not have enough power to compensate it).
The BGOs were equipped with LEDs that could be pulsed periodically to fire the crystals

and monitor their response. Additionally, the HVs of the PMTs were monitored to check

their stability. Other checks in the electronics and in the internal registers of the QDCs

and the TDC were performed during the data decoding, as will be detailed in Chapter 9.

5.8 Further low background sources

In the literature some work was devoted to the estimation of processes that could result

in a possible backgrounds for our experiment, e.g:
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Fjguie5 11 Picture of (hi laboratory uisibli are Ihi hi/ht Uqhi box containing the talonme

tn the HV uoltaqt power supply for tin PMTs, tin LED puis ir and thi eltilronits

1 single photon or photon-less decays of o-Ps ions o—Ps -> t -17, o-Ps —> e~-R~

[129]

2 photo-nucleai absoipt 1011 of annihilation photons ac c omi).mied eithei by photo neutions

01 by excitation ol nut leai long lived slates (r > l//s)

Some preiunmaiy estimates give branching ratios foi these processes less than 10_<) The

o-Ps produced 111 an excited state, immediately de-excites to the giound state [28] due

to Ihe high collision late (IO4 collision/lifetime) 111 Ihe SK)2 Suite the experiment is not

peifonned 111 vac mini, the position wave iundion is assumed to always oveilap with an

election wave lundion Iheiefoie, the largest lifetime of the positions 111 0111 experiment
is assumed to be the one for the tin it photon decay of o-Ps

, namely 142 ns, thus making
the piobabihty ol a position not to annihilate duimg the — 29 /vs gate less than 10"q (as
explained m Section 5 } 2)



Chapter 6

Engineering run

The engineering run of August-September 2004 was twofold: check the stability of the

detector and its components and cross check the simulation by comparing the predicted

background with the estimations from the data. A simplified version of the detector (here¬
after named setup 2004) was used since the new trigger BGO crystal was not available

and the methods for the e/7 discrimination with the TBGO and the precise determination

of the energy deposited in the fiber were still under investigation. These methods will be

detailed in the Chapter 7.

6.1 Setup 2004

Fig. 6.1 shows a picture of the detector during the assembling phase. In this section, all

the steps for the preparation, the selection and the test of the different components (shown
in Fig 6.2 which is a picture of the mounted detector) are described.

6.1.1 The preparation of the positron source

The source was prepared by the CERN radioprotection service, depositing a solution of

22Na on the squeezed region of the scintillating fiber as illustrated in Fig. 6.3. Unfortu¬

nately, due to an excessive work load and to the fact that the radioactive solution had a

very low activity, we had to wait more than two months to get 18 kBq deposited on the

fiber. Since the isotope was diluted in HCl and more than 40 depositions were necessary,

the squeezed region of the fiber, where the solution was evaporated, was yellow. Neverthe¬

less, after testing the fiber, we were relieved that the efficiency was not degraded. However,
we were worried about the possibility that some holes could have been created in the fiber

from the acid, in which the radioactive solution could penetrate. If this would be the case,

some fake triggers could be produced by an EC photon, emitted inside one of these holes,
which may Compton scatter in the fiber. If the scattering angle is small their energy loss

will not be large, and therefore, they could be detected in the trigger counter as a 1.27 MeV

gamma. The low energy electron (e.g. with kinetic energy of —100 keV) could trigger the

57
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Figure 6 1 Tin calorimeter during the assembly phast

fiber, thus an invisible decay would be mimicked (this is the same mechanism de scribed

in Cliaptei 5) Therefore, we cone hided that for the1 final setup a new film, wit h a better

controlled surface condition, should be1 pioducecl (see next chaptei)

6.1.2 The scintillating fiber

T he scintillating fibeis loi the expeiiment weie tabucated by sque e /mg the Bic ion BCF 12

between a clamping sd with 100 pm spacing while heating with au up to 70-80 °C 1 his

process was not easy to eontiol and, thcrefoio, the selection of the fiber has been done

empirically alter testing a dozen of them A small test setup with a 20 kBq somcc was

built with the goal to keep the position between the seiuee/ed legion and the center of the

source constant Ihe hbei with the best efficiency was selected to deposit the radioactive

solution The ciitcnon foi this e hole e was to measure the overall efficiency, given by

(ommil = Ttnggfr/A, whcic T,naqi, was the measuicxl trigger rate and A was the activity



6' 1. SETUP 2004

Figure 6.2: Pielurc of the rnounled calorimeter, visible is out of the XP 2020 used lo tat/
tin positron and the pipt for Ihe injection of the nitrogen.

of a calibrated sou ice (A — 20 kBq). Additionally, in otclei to have a second indicator

independent of a possible misplacement of the source, the relative efficiency enl to the1

single PMT counting rate (T[PMT) was calculated, e,fl = Ttllw,/T[PMt .
The best fibei,

after the source evaporation of the1 18 kBq, had an oveiall efficiency of e(Wf,„u -^ 9.1% and

a relative efficiency of eld = 48%). The hbei was coupled to the PMTs by optical grease

selected to match its refractive index. The stability of the grease was checked to be sure

that no de^teiioiaf ion due to the dripping of the grease could take place

6.1.3 The photomultipliers

Out of 10 XPs 2020 we selected the best two lor which the signal to noise ratio was

maximum: RKP - T((>linhmj/TNoi,(. In Fig. 6.4 the counting rate of the film" (T(UUtllnia)
and the noise late (TNoiS() for the two XPs aie plotted as a lundion of the IIV. The

optimal working voltage was extracted fiom this graph and was chosen to be 2450 V for

both PMTs. The logic used to foim the tiiggei is sketched in Fig. 6.10. The signal from

the XP's anodes were passed through a Linear Fanout (LF) LeCioy 428. One output of

each PMT was fed to a Constant Fraction Discriminator (CFD) Ortec 935. The two logic
outputs of the CFD were then plugged into a Coincidence Unit (CU) LeCroy that worked

as a thieshold compaiator. One output of the CU was sent to a Dual Timer (DT) that
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Figure 6.3: Sketch of the scintillating fiber on which the radioactive source was deposited.

formed 3 signals of 3 ps, one was used as veto signal for the CU, the other as the gate for

the charge integration of the QDC and the last as a start signal for the TDC. The time

spectrum between the start and the XP that did not define the coincidence time is shown

in Fig. 6.5. The resolution of this peak from a Gaussian fit is: a — 1.87 ns (or 4.41 ns

FWHM)

The trigger counter

The signal from the trigger counter is passed through a charge amplifier. One output went

to the QDC after a delay of 200 ns. The other output was sent to the CFD that formed

the logic output for the TDC. A capacitor of 1 pF was used to decouple the galvanic link

between the QDC and the TDC since both have a DC level. In Fig. 6.6, the time difference

between the fiber trigger and the 1.27 MeV photon in the trigger BGO is plotted. The

resolution of this peak is: a = 3.71 (or 8.75 ns FWHM).

6.1.4 Positronium production target

The plot in Fig. 6.7 shows the time difference between the start from the fiber and the

stop from one of the annihilation photons detected in the trigger counter (coming cither

from direct, para or ortho-positronium annihilation) with the new aerogel type SP30 as a

target. The results of the lifetime fit depend on the starting value, as Fig. 6.8 illustrates.

This is because the o-Ps atoms need about 90-100 ns to thermalize through collisions with
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Figure 6.4: Counting rates from the fiber and noise rates of the XPs 2020 selected for the

trigger

the walls of the aerogel pores. Therefore, the lifetime is constant only after this time, since

the pick-off annihilation rate is velocity dependent, as pointed out in Section 2.2.1. From

Fig. 6.8 the constant value of the lifetime is 129.1 (±1.8) ns flushing the target with N2 and

80.1 (±2.6) ns for flushing with air.

The value in air can be predicted from theory (as explained in Section 2.2.2) with the

folfowing considerations. The oxygen concentration in the atmosphere can be calculated

with the equation for ideal gases (assuming for simplicity that the air is composed of 80%
of N$ and 20% of 0-2, in percent by volume at 15°C and 101 kPa). The concentration at

25°C (T = 298 K), p =1 atm per em6 is:

no,
kBT

4.912 IO18 cm-3 (6.1)

Using Eq. (2.20), one can calculate the expected o-Ps decay rate due to the spin exchange
with the 02, Tlp^ ~ 4.346 ps~]. For this calculation the elastic cross section has been

used. In fact, the measured lifetime is determined when the o-Ps is thermalized, thus, its

energy is below the threshold for the inelastic process. The pick-off contribution with the O2
molecules is of the order T^ckoff = 0.4 /.„s"1 [57]. Thus, adding the sum r^ckoff + Tt^v to

80.03±l.othe decay width in N2 rop,, — 7.547 ps~l, one obtains the expected lifetime rc,xp
ns. This is consistent with the measurements within the estimated errors. From the timing
spectrum of Fig. 6.7, it is possible to extract the fraction of o-Ps formed in the aerogel.
The results of the detected o-Ps are 7.7(±0.2) % and 5.0(±0.2) %, respetively for N2 and
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Figure 6.5: Timet difference between the two XP2020 signals forming the coincidence.

air. Another method to get the fraction of o-Ps is to subtract a spectrum acquired with

aluminum as a target (instead of the aerogel) from the Si02 spectra, in order to simulate

a pure 2 gamma annihilation spectrum (the lifetime of o-Ps in Al is 218 ps). The results

are consistent, one obtains 7.8(±0.4) % and 4.9(±0.3) %. The fact that the efficiencies

for 2 and 3 gamma detection are different has to be taken into account. Thus, correcting
with the factor e27/e37 — 0.83 given by the simulation, one gets 6.4(±0.2) % for N2 and

4.1 (±0.2) % for air. The fraction of o-Ps can be estimated with the simulation assuming
that only the positrons stopping in the target have the possibility to form positronium.
The MC predicts that 25% of the positrons that trigger the fiber stop in the SiOy. The

positronium formation probability, given on page 49, is about 45%, from which 3/4 are

created in the ortho state. The diffusion length for positronium in silica is about L —11-

18 nm [130, 133] and, therefore, the probability for o-Ps to annihilate via pick-off before

migrating into the pores is 0.28 < Ppick — a/L < 0.45, where a — 5 nm is the mean grain
size of our aerogel. The measured pick-off probability is 8.5%. Thus, one expects to detect

a fraction of 6.1 (±0.8)% which is compatible with the measurements.

The lifetime was measured before and after evacuation of the target in a vacuum cham¬

ber (10~3 Torr) and backing it out for 2 hours like it was clone in the former search to

remove the water from the pores. No difference was found which confirms that this new

type of aerogel is not hydrophobic. The time needed for the N2 to replace completely the

air in the pores of the aerogel can be monitored checking the lifetime stabilization. For a

flux of 4 liters/hour this time was estimated to be about 20 min. [138].
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Figure 6.6: Time difference between the fiber trigger and the 1.27 MeVphoton in the tri,gger
BGO.

6.1.5 The calorimeter

As mentioned in Chapter 5, the wrapping for the first ring of crystals was minimized. An

aluminized mylar foil of 2 pm (1000 A of aluminum deposited on both side of the mylar
foil) was selected to replace the thick teflon of 750 pm in which the crystals were originally
wrapped. The crosstalk and the energy resolution were checked by irradiating the crystals,

wrapped first with teflon and then with the thin mylar, using a 22Na source. The spectrum
of the energy deposited in a crystal by a 511 keV photon was fitted with the sum of a

Poisson function (for the total absorption peak) plus the Compton spectrum [131]:

NEh/Ce-Np*

S(E) = N
phe

+
he

E/Cl
'

éE~Ec)/Tt. + i
(6.2)

where the energies E and Ec are expressed in ADC counts; Lc is the mean level of the

Compton background, C is the number of ADC channels that corresponds to one photo-
electron, Te is the equivalent temperature whereas Nphe is the number of photoelectrons
and N is the normalisation factor that takes into account the integral of the photopeak.
The parameter Ec is the maximum energy loss in one interaction in case of Compton scat¬

tering and is given by Ec = In our case, since the number of photoelectronsl+(mP/2ß7)
'

for the 511 keV peak is quite high (> 80), the Poisson term in (6.2) can be replaced by a

Gaussian. In samples of a few g/cm,2, the assumption of a single Compton interaction is

realistic. In our case, due to the relatively big size of our BGOs (external diameter 52 mm),
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f(t)=Ae"t/x+B
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Figure 6.7: Spectrum, showing the fit of the time between the fiber trigger and one of the

annihilation photons in the TBGO. The target was flushed with N2.

this is true only in a first approximation, however, the results obtained with this method

are precise enough for the purpose of our selection (i.e. the results are more precise than

using a simple Gaussian plus flat background).
The calibration of the BGO+PMT in number of photoelectrons can be done with

different methods. One is to directly calculate the ratio:

AW = (A/v)2 (6.3)

where A is the peak position (after subtraction of the pedestal mean value) of the Gaussian

with a standard deviation a, which fits the spectrum shape. The error of this method is

small for a PMT with high amplification of the first dynode when the time spread of the

Single Electron Response (SER,) is negligible. The PMTs ETL 9954 used in the experiment
are quite good in this respect since their width (FWHM) is 3 ns.

Another approach requires the measurement of the PMT's SER [132], From the fit¬

ting of the one photoelectron peak, taking into account the width of the pedestal and

assuming the background to be an exponential, it is possible to estimate the first dynode
multiplication 8. The number of photoelectrons for 511 keV 7s is defined:

Npha = (A/a)2(l + A) . (6.4)

£2

| 105
UJ

104

103

io2

For example, the fit of the BGO 109 gives 5 = 13.6 ± 2, thus, one gets Nph(l = 91. With
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Figure 6.8: Fitted lifetime as a function of the fitting start time for N2 (squares) and air

(dots).

Eq. (6.3) the number of photoelectrons is Nphl, — 102, in agreement within 10% which

confirmes what has been said before about the ETL 9954.

The summary of the calibration of the BGOs selected for the first ring is presented
in Table 6.1. The index 'm' added to the crystal number in the first row of the table

represents the measurements with the mylar wrapping. The comparison with the results

of the crystals wrapped in teflon shows that the thin mylar does not affect the resolution

and, therefore, can be used in the experiment. Since the density of mylar and teflon are

comparable, the reduction of the dead material for the first ring is a factor 350.

6.2 DAQ and monitoring

The energy of each crystal and the signals of the two XPs 2020 from the fiber were recorded

with four CAEN QDC's v792. The timing for the two XPs and the endcaps was measured

by a LeCroy 1182 TDC. The VME crate was interfaced to a PC (1.8 GHz) with a National

Instruments VXI-MXI2 system and the data were acquired with a program written in

LabView. The modules had an internal buffer of 32 events, thus, the transfer from the

VME could be done more efficiently in block mode. The output of the QDCs and the TDC

were not decoded online, to avoid a slowing clown of the the DAQ, the 32 bit words of the

modules were stored directly as binary files. The DAQ speed was about 1150 events/s,
thus, compared to the trigger rate of 1700 triggers/s, the losses were around 35%. After
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Figure 6.9: Typical energy spectrum for one of the BGO crystals irradiated by photons from,
the 22Na source using a scintillating fiber as a, trigger.

being zipped1, the data were transferred automatically to the ETHZ cluster (6 TBytes of

disk capacity) and were deleted on the DAQ PC, because of the limited space available

(150 GBytes). On the cluster, many fast machines were available for the analysis. The

QDC pedestals, the temperature inside and outside the box, the PMT's high voltages and

the crystals' responses were monitored by a computer of the cluster using ROOT, to not

slow down the data acquisition. With this engineering run, the stability of the detector

was demonstrated (the relevant plots will be presented for the final setup in Chapter 9 ).
The temperature variation inside the thermalized box was less than ±1 °C. The stability
of the electronics was checked by the QDC pedestals (±1 ch) and by the jittering of the

gate width (±2 ns). The crystal's response was monitored by the LEDs and by the peak
shifts in the energy spectra. The strong correlation between temperature and BGO light
yield of ±1 % per °C [134] was observed.

6.3 Event selection

For all the collected events the following characteristic variables were determined:

1. ATgate is the time interval between the start and the end marker generated with the

dual timer unit that forms the gate to check the gate width stability.

In order to reduce the transfer time by a factor 4
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Figure 6.10: Scheme of the electronics used to form the trigger

2. ATxp is the timing between the two XPs reading the fiber.

3. ATtbgo the timing between the XPs coincidence and the trigger BGO.

4. Etrco til« energy window for the 1.27 MeV photon selection in the trigger BGO.

The time interval between the fiber and the trigger photon ATTbgo was available only
for the two endcap crystals. Table 6.2 summarizes the cuts on the four variables for the

engineering run. The cuts for ATXp and &TTrco were chosen trying to minimize the

reduction in the statistics and keeping the accidentals suppression at the desired level.

This suppression factor can be estimated with Eqs. (5.6)-(5.7) extracting the noise of the

XPs from Fig. 6.4 and knowing the rate of EC photons in the trigger which is REC ~ 84 ,s_1.

The latter was obtained using Eq.(5.8) with the efficiency of detection fi/j77 — 0.047 and

the rate of 1.27 EC photons emitted from the source Rncsourœ — f800 s_1. Therefore, for

the time intervals, listed in Table 6.2, one obtains an accidental rate Rlu-cidcnLaia — 8.7-10~9.

With the requirement of some energy deposition in the fiber, this is suppressed even further

depending on the threshold. The energy window for the trigger photon was selected to be

±ler. A more comprehensive description of these variables and more sophisticated criteria

will be presented in the Chapter 9.
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Variable Cut

1) Gate

2) TXP timing

3) TBGO timing

4) TBGO energy

\ATgate\ =4 ns

IATj^I =4 ns

\&TTbgo\ =12 ns

1180 <ETnGo < 1360 keV

Table 6.2: Definition of the cuts for the event selection.

6.4 Background estimation

The engineering run is composed of two sets of data; in August 2004, f .8 x 1Ü8 events

were collected while in September 2.25 x IO8. After having applied the event selection

criteria described in the previous section, the total energy deposition in the calorimeter

is determined. To get the energy deposited by the annihilations photons equation (5.1)
is used. One of the purposes of this engineering run was to estimate the background and

compare it with the simulation, therefore, in the analysis Elol was calculated for different

trigger counters (TBGO). The two endcaps are called in this chapter ECAP1 and ECAP2

(see Fig. 6.11), where the latter normally was identified with TBGO.

2cm

ECAPI

Aerogel

1.1cm

ECAP2

Source (18kBcj)

Fiber

Figure 6.11: Sketch of the two ECAPs.

The plot in Fig. 6.12 shows Etof using the ECAP2 as a trigger for the first set of data.

The number of events with energy less than 50 keV, out of the 8.63 x IO6 passing the cuts,
is 47, which means a fraction of 5.45 x 10~°. For the second set of data, the fraction is

consistent 5.79 x IO"6 (62 events out of 1.07 x IO7). Employing the ECAP1 as a trigger

counter, the fraction of events in the zero peak is one order of magnitude bigger than for
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the ECAP2, 5.08 x If)"5 (460 out of 9.05 x IO6) for the first and 5.00 x IO"5 (570 out of

1.14 x IO7) for the second data set. This is because in the ECAP1 the contribution to the

background arising from the EC photon is bigger than in the ECAP2 (see Section 6.4.4).

-£2
70000-

60000-

50000—

40000-

30000-

20000-

10000-

500 1000

Energy (keV)

1500 2000

Figure 6.12: Sum of the toted energy in the EGAL when the 1.27 MeV photon is localized

in the trigger counter TBGO. The magnified part of the histogram, shows the zero energy

peak and the energy losses.

Table 6.3 summarizes the number of zero energy events for different trigger crystals,

both, simulation and data for some counters of the first ring. For the two ECAPs, the

simulation agrees with measurements to better than 10%. For the other crystals, one gets
worse results. This could arise from the fact that in the data the cut for the timing between

the fiber trigger and the crystals was not available. Furthermore, in the simulation the

non-uniformity of light collection is not included, and since those crystals arc hit from the

side and not from the front like the ECAPs, this effect is more important in the barrel.

However, the agreement is still acceptable and the simulation demonstrates to be a very

powerful and valid tool to study the background in our experiment. It is clear that to

use it for a background subtraction it should be improved. However, one should keep in

mind that to get enough statistics one needs to have at least 1011 MC events, which means

more than 4000 clays of CPU time. Following improvements of the simulation have been

performed: the position of the crystals has been precisely measured during the assembly
of the final setup, for every crystal of the first 2 rings the resolution as a function of the

energy was measured and reproduced in the simulation (see Appendix A for more detail).
A massive MC production started in the context of the GRID network. The results are

still not available and, furthermore, some more iteration will probably be needed to get the
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Figure 6.13: Comparison of data and simulation for the total sum, Etot in the ECAL with

the ECAPl (top) and the ECAP2 (bottom,) as a, trigger counter.
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desired precision. Therefore, it is more convenient to estimate and subtract the background
with the experimental technique that will be discussed in Chapter 8.

TRIGGER BGO

(1270 keV)

FRACTION OF ZERO EVENTS (Elo1 <50 keV)
Simulation Data

ECAPl

ECAP2

BGO20

BGO70

BGO80

BG087

5.40(±0.29) x IO"5

4.82(±0.02) x IO"6

5.93(±0.39) x 10"5

2.89(±0.67) x 10""

1.19(±0.17) x IO"5

2.13(±0.13) x IO"6

5.04(±0.23) x IO5

5.64(±0.02) x 10"°

4.51(±0.23) x IO"5

2.90(±0.77) x 10"6

1.84(±0.26) x IO"5

3.80(±0.28) x IO"6

Table 6.3: Fraction of zero energy events for the two endcaps and, some of the first ring

crystals used as trigger counters.

6.4.1 The escape probability of 511 keV photons

The probability of a 511 keV photon to escape the calorimeter can be estimated localizing
the 1786 keV energy (i.e the sum of the 1275 keV photon and one of the two 511 keV

photons) in the trigger counter. Using the ECAP2 as a trigger results in a probability
for a 511 keV photon to escape the detection, of 1.54 x 10~4. The simulation predicts
1.89 x IO-4. As expected, this probability is a factor 2 higher than using the other crystals
as trigger counters (see Table 6.4), due to the absorption of photons in the target. The

comparison of the 511 keV photon escaping probabilities, listed in Table 6.4, shejws that

the calorimeter is isotropically hermetic.

TRIGGER BGO 511 keV ESCAPING PROBABILITY (Em <50 keV)

(1781 keV) Simulation Data

ECAPl 5.40(±0.24) x IO"5 5.08(±0.18) x It)"5

ECAP2 1.89(±0.41) x IO"4 1.54(±0.33) x 10"4

BG018 1.34(±0.55) x IO"4 1.29(±0.51) x 10"4

BG019 4.81(±0.10) x IO"5 5.37(±0.35) x ltr5

BGO20 4.28(±0.15) x 10"s 4.20(±0.61) x IO"5

BG078 6.60(±0.22) x IO"5 5.86(±0.16) x IO"5

Table 6.4: 511 keV photon escaping probability from data and the simulation with different

BGOs as trigger counters
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6.4.2 The 511 keV absorption probability in the 1.27 MeV en¬

ergy window

As discussed previously (see Section 5.4.3), there is the probability for a 511 keV photon
to be absorbed in the energy window for the 1275 keV photon in the trigger. This can

be estimated counting the number of events in the f 786 keV low energy tail (see Fig. 5.6)
which are below the upper limit for the 1.27 MeV window (1360 keV, as said in the previous

section). Assuming the tails of the 1786 keV peak to be Gaussian and using the value of

the fit for the resolution er — 115 keV2, one estimates the probability to be about 1%. The

fact that the number of events in the 1786 peak is different than the ones in the 1275 peak

(the ratio between the number of events in the two peaks is 0.72), has been accounted for.

Combining this effect with the probability for a 511 keV photon to escape the detection

results in a probability for a fake zero energy event of 1.52 x 10_ti. The simulation taking
into account that in reality the tails are not Gaussian, gives for this probability 1.27 x 10_e,
in fair agreement with the estimate.

6.4.3 Source contamination and accidental triggers

If some contamination with other isotopes is present in the source, emitting particles
that may trigger the fiber, a fake trigger can be generated when those events accidentally
coincide with an EC photon. To estimate this possible contribution, which includes also

the possibility of a fake trigger generated by the accidental coincidence from the PMT's

noise, the total energy deposition in the ECAL was plotted, using just the trigger from the

fiber without the requirement of the 1.27 MeV photon. The result is shown in Fig. 6.14.

The number of events in the zero energy peak is Nzero ~ 2625 out of the total of 2.75 x IO7

events, thus the probability is 9.7 x IO-5. Assuming that all these events arc coming from

a contamination, one can calculate the rate of fake triggers as follows:

lifaketriggers ~ Nzero — = 0.165 S . (6-5)

The time window for the overlap, defined in the previous section, is \ATtbgo\ = 12 ns,

thus, the rate of accidental coincidences is equal to:

^accidentals = 3.32 X 10 S (6.6)

where equation (5.7) was applied with REC = 84 s-1 calculated in the previous section.

Dividing by the trigger rate, one obtains a probability of 1.95 x 10~10.

6.4.4 1.27 MeV photon from EC

The EC photon, scattering in the fiber, combined with the energy resolution of the trigger

counter is another source of background. As it was explained in Section 5.4.3, when both,

2The upper limit for the trigger window is at 3.5er (1780-1360=426 keV)
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42
c:

70000-

60000^

50000-

40000;

30000;

20000;

10000:

2297 keV

Entries: 2.70E+07

_L

0 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

Figure 6.14: Sum, of the total, energy deposition in the detector. The peak is the sum of the

1022 keV from, the annihilation photons and the 1.27 MeV gamma. The magnified part, of
the histogram, shows the zero energy peak arising from, accidental triggers.

the Compton electron, that triggered the fiber, and the EC photon are detected in the

same TBGO, an invisible decay is mimicked. The simulation predicts the fraction of these

events to be of the order of IO"6 for ECAP2 as a TBGO. For the ECAPl (see Table 6.3),
this background is almost 10 times higher; this confirms the expectations. Furthermore,
as shown in the Fig. 6.15, the energy distribution of these background events is peaked on

the left side of the trigger energy window in the ECAPl, since the EC photons loose some

energy via the Compton process in the fiber. An upper limit on the fraction of EC photons,
which trigger the fiber, can be set from the plot of the total energy in the ECAL counting
all the events in the energy window for the trigger photon. The fraction is 4.2 x 10~4

and has the same order of magnitude as the estimates from the data (1.4 x 10~4 with a

threshold in the energy deposition of 20 keV).

6.4.5 Escaping 1.27 MeV photons and MS positrons

The simulation shows that fake triggers could arise from the 1.27 MeV photon escaping the

detection, if the positrons, that multiple scatter (MS) in the fiber trigger the experiment,
are misidentified in the TBGO as photons, a,s it was explained in Section 5.4.3. From the

simulation, the level of this background is 2.1 x IO-6.

The probability for the 1.27 MeV photon to escape the calorimeter can be estimated

by localizing the two 511 keV photons in the ECAPs and then looking at the zero energy
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Figure 6.15: Distribution, of the energy for the 1.27 MeV photon selected in, the trigger

energy window in the ECAPl when, the Etot is less than 50 keV in the calorimeter. The

solid line are the data and the dots are the predictions from the simulation.

deposition. Out of 1.34 x IO7 events, one has 14919 of them in the zero peak region

(1.11 x 10~3), which is in agreement with the prediction of the simulation of 1.27 x 10~3.

For the positron with end-point energy 1.83 MeV, which is not accompanied by the

1.27 MeV photon, the simulation gives a probability to generate a similar background of

1.42 x IO"7
.

It is interesting to note, that the BGOs 70, 71 and 87 are the ones with the smallest

fraction of zero events (see Table 6.3). The reason is that these crystals are misplaced from

the source (as listed in Table 6.5), and therefore, they do not experience this background
since they are screened by the ECAP2 from the positrons (which is at the position of-11

mm).

6.4.6 Summary

Table 6.6 summarizes all the backgrounds discussed in this section. The prediction from

the simulation and the estimation from the measurements are compared. The total of

the expected fraction of zero events is 10% smaller than what was estimated from the

data. This difference could be explained by the fact that in this sum the contribution

from the shake-off electrons was not included in the simulation. This is because of the big
uncertainty in determining the value of the cut on the fiber energy that, as mentioned in
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Crystal pair Shift (mm)
BG018/BG071 -21

BGO19/BGO70 -15

BGO20/BGO69 0

BGO25/BGO80 0

BG027/BG078 22

BG032/BG087 -23

Table 6.5: Positions of the different crystal pairs in the first ring with respect, to the source.

The sign is +(-) in ECAPl(2) direction. The pairs with 0 shift is where the fiber goes

through.

Section 5.4.4, evolves out of the few photoelectrons detected from the XPs 2020. Between

10-30 keV (which is a reasonable threshold for the XPs) the shake-off probability ranges,

as listed in the following table, from 10~6 to 10~7. In Chapter 9, this background will

be estimated from the data since more precise information on the energy deposited in the

fiber will be available.

BACKGROUND

SOURCE

SETI

expected

IP 2004

measured

Hermiticity
Dead Material

Resolution

<10"9 <10"9

Absorption in trigger

energy window 1.3 x 10_c 1.5 x IO"6

MS positron
546 keV 2.1 x IO"6

MS positron

1.83 MeV 1.4 x IO"7

Compton EC photon 1.3 x IO"6

Accidental noise and EC photon 3.2 x 10"11 < 1.9 x 10"i0

Source contamination

and EC photon n.a. < 1.9 x 10"10

Shake off electrons

in EC process io-°-io-7

Physical backgrounds IO"10

Total 4.8 x 10"° 5.6 x 10"ü

Table 6.6: Summary and comparison of data, and, simulation for the different background
sources in the engineering run 2004



Chapter 7

Improved detector

The engineering run confirmed that the following improvements were mandatory in or¬

der to reach the desired sensitivity: a better resolution of the trigger endcap crystal, the

discrimination between charged particles and photons in the TBGO, and a better mea¬

surement of the energy deposited in the fiber. Furthermore, a different approach for the

preparation of the fiber to get the required activity without damages, and if possible an

improvement in the fiber efficiency, were needed.

7.1 New trigger counter

In Chapter 5 the importance of having a very good energy resolution for the trigger counter

was underlined. Moreover, it was pointed out that the best solution for our experiment
would have been a BGO with an improved energy resolution.

Therefore, two BGO crystals, wrapped in a thin of 12 p,m thick mylar foil, were ordered

from St. Gobain. The agreement was to have a resolution of at least 15% (FWHM) at 662

keV, which is the 137Cs line they use as a standard for their measurements. We decided to

buy the crystals, confident that we could solve our problem easily. Unfortunately, things
evolved in a different way; after four months delay, the two crystals we received had a

resolution of about 19% (FWHM) at 662 keV. St. Gobain justified the bad result, arguing
that the crystals were very good because when they were tested, with 2 layers of 256 pm

teflon wrapping, a resolution of 12% was measured (FWHM at 662 keV). Therefore, they
concluded that our requirement of a thin wrapping was the origin of the problem. As a

proof, the plots of the measurement they performed were sent to us. From a small note on

the same plot, demonstrating the quality of their crystals, we realized that they omitted

the fact that they used a 3 inch Hamamastu PMT (covering the whole front face of the

BGO, and hence, having a better light collection efficiency) in their measurements instead

of the 2 inch ETL 9266 they shipped to us.

Since time and cooperation of the mentioned company were limited, we decided to keep
the crystals and try to do the best under the given circumstances. Different wrappings
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were tested; 3M radiant mirror (64 pm)1, aluininized mylar (2-20 pm), aluminum foils (5-
10 pm), Tetratek teflon (37 p,m, 1-10 layers), the mirror film (150 pm) used in the Castor

experiment at CERN2. The constraint of the wrapping was that it should be as thin as

possible (<150 pm) and yet avoid the scintillation light produced in the plastic scintillator

in front of the TBGO to be detected in the opposite endcap used to determine the energy

deposited in the fiber.

Furthermore, the PMTs divider's stability and the resistor's values were optimized and,

both, negative and positive polarity operation modes were investigated. Additionally, since

we had two crystals, we could make a selection among them.

The best results, plotted in Fig. 7.1, were achieved with the crystal wrapped in the 3M

radiant mirror and the PMT operating with negative voltage. Using the function obtained

with the fit (see Fig. 7.1), one can extrapolate the FWHM at 662 keV to be about 15%.

With this resolution, the separation between the upper limit of the trigger energy window

(1360 keV used in the engineering run) and the 1786 keV peak, increased from 3ex to

6a. This means that the absorption probability for a 511 keV annihilation photon in the

TBGO energy window decreased by 6 orders of magnitude. Furthermore, for the new

TBGO, the upper bound for the identification of the triggering photon could be lowered

and still getting the same statistics as with the previous crystal. The Table 7.1 shows the

comparison between the old and the new trigger counter; the resolution is improved by
more than a factor 1.5 for all these energies.

Energy [keV] Old TBGO FWHM [%] New TBGO FWHM [%]
511 25.3 16.8

1275 16.1 10.2

1786 13.4 8.3

Table 7.1: Comparison between the old and the new trigger counter.

7.2 Veto for charged particles in the trigger BGO

The discrimination between charged particles and photons was done by coupling a 1 mm

thick plastic scintillator (Bicron BC-400) on the front face of the trigger BGO. Since the

decay time of the plastic (r = 2.7 ns) is about 150 times faster than in the BGO (300 ns),
it is possible to distinguish between the two signals seen by the same PMT because of the

different shapes. The advantage of this idea is that no additional inactive material, which

may absorb photon energy, is introduced in the setup, except the negligible layer of optical

grease. Moreover, the trigger rate is not affected since the probability of interaction in

1 mm of scintillator is smaller than 1% for a 1.27 MeV photon. However, the resolution

ll would like to thank P. Robman from the UNI of Züric:h (Switzerland) for giving us this advice: and

some of this wrapping.
JI would like to express my gratitude to Tiziano Camporasi and Andre Braem.
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Figure 7.1: Energy resolution R(E) — a(E)/E of the trigger crystal fitted with the function
on the plot [185] (see also Eq.(l) of Ref.[136]).

should be checked because the presence of the plastic scintillator degrades the collection

of the BGO scintillation light.

Therefore, a small setup was prepared to investigate this method and the possible deterio¬

ration of the TBGO resolution [137]. For this study, a CAEN vl729 sampling ADC (2 GHz
and 12 bit) and an Acquis PCI card (2 GHz, 8 bits) were used. These modules were very

useful to investigate the different pulses since the signal shapes could be analyzed in detail,
as illustrated in Fig. 7.2. However, neither one of them could be used for our experiment.
The CAEN vl729 was not fast enough because, even reading only a part of the circular

buffer, it would have slowed down the DAQ to 300 Hz. The Acquiris card had no problems
of speed (100 MHz) but with only 8 bits the resolution would have been affected.

Instead of these modules, the QDCs (v792) were employed. The idea was to pass the

signal from the TBGO through a passive splitter (four 25 il resistors) with three outputs.
Two of them were used in the same way as in the engineering run; one signal served to

form the timing between the trigger counter and the fiber trigger, whereas the other one

was integrated in the QDC with 3 ps the gate. The third output was sent to the QDC
after having tuned the delay in such a way that the first 15 ns of the signal (see Fig. 7.3)
would not be integrated. This means that the contribution of the plastic scintillator was

cut out almost completely and the energy measured was only the one deposited in the

BGO. Figure 7.2 illustrates this principle. Similarly, the delay can be tuned in such a way

that only the first 15 ns of a pulse would be integrated but, in this case, the two signals

R(E) =a/E1+b/E+c

a = 4.50e+02

b = -5.49e+02

c = -1.98e+00
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Figure 7.2: Typical signals from the tngger PMT viewing the plastic scintillator and the

BGO crystal are shown. Note the different scale of the voltage on the y-axis between the

two plots. In the upper plot only a (slow) BGO signal is plotted, while in the lower plot a

(fast) signal from the plastic scintillator overlapping with a (slow) BGO signal is shown.
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cannot be fed into the same QDC, one needs a different gate. Figure 7.4 shows the effect of

the plastic scintillator on the front face of the BGO. The scatter plots show the measured

energies from integrating the whole signal (y-axis, called long gate) and from integrating
the first 15 ns (x-axis, named short gate).
The upper plot illustrates the correlation between the short and the long gate spectra for

the BGO crystal alone. The four concentrations of points represent the pedestal, the 511

keV, the 1275 keV and the 1786 keV peaks. When the scintillator is coupled to the front

face of the BGO, an additional structure appears. The bands starting from the four peaks
are due to the energy deposited in the plastic scintillator whose contribution adds up to

the energy deposited in the BGO.

The resolution degradation of the trigger counter, due to the plastic scintillator and to

the signal splitting, was checked and the results are summarized in Table 7.2. In the second

column the resolution and the pedestal FWHM are reported for the signal going directly
from the anode to the QDC. The results of the third column are obtained by passing the

same signal through the passive splitter before being integrated in the QDCs. The splitting
introduced a noise3, and therefore, the pedestal was enlarged by nearly a factor of 3. We

tried different Fanout modules and two low noise active splitters built for this purpose,

but the best results were two times worse than with the passive splitter. The resolution of

3The CAEN electronic engineer Maura Pieracci, to whom I would like; to e:xpress my gratitude, explained
me that this is unavoidable, because the splitter introduces a low impedance. A possibility to avoid this

degradation is proposed in Chapter 10.
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Figure 7.3: Magnified region of the signal from the plastic scintillator.
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Figure 7.4: Scatter plots of the short gate integration versus the long gate integration value

of the trigger PMT signal. For the upper plot only the BGO crystal, was used. For the

lower plot a plastic scintillator is coupled on the front, face of the BGO crystal. The red,

ellipse indicates the 1 a contour line of the 1.275 MeV peak. The green lines indicate 1 a

resolution band.
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the crystal is degraded by 12% for the peak at 1.27 MeV, compared to the direct coupling.
By adding the plastic scintillator to the BGO, only a small additional degradation of the

resolution is introduced, as listed in the fourth column of the table.

TRIGGER ENDCAP

Configuration Direct Splitter Splitter and plast. scint.

Pedestals FWHM (keV) 4.33 11.23 11.68

Resolution FWHM (%)
511 peak 16.8 18.6 19.1

1275 peak 10.2 11.4 11.8

1786 peak 8.3 9.5 9.77

Table 7.2: The resolution of the trigger counter for the configurations with, and without, the

plastic scintillator. See text for explanation.

7.3 Measurement of the energy deposited in the fiber

As discussed in Chapter 5, the background generated by the electrons ejected in the EC

process (so called shake-off electrons) can be suppressed if a precise measurement of the

energy deposited in the fiber would be available. In fact, as one can see from Fig. 5.9, the

probability for the electrons to be ejected with more than 100 keV energy is less than 10~8.

Therefore, these events can be rejected with a cut on the energy deposited in the fiber.

The mean number of photoelectrons from a traversing positron in the two XP2020 was

about 1-1.4, thus, a cut on the energy was not feasible. The idea was to use the endcap,

opposite to the trigger crystal (called hereafter FBGO), as a spectrometer for the fiber. If

the wrapping from the front face of the crystal is removed, the light produced in the fiber

travels through the aerogel and the BGO, which serves as a light guide, and then can be

detected by the PMT as sketched in the Fig. 7.5.

The principle of the energy measurement is similar to the one described for the 07

discrimination in the TBGO. The signal is split in the same way and the three outputs have

different integration gates. One signal is integrated completely, another one is integrated
only for the first 15 ns measuring the contribution from the fiber. The third signal is

integrated cutting the first 15 ns and, therefore, it provides the information about the

energy deposited by the annihilation photon in the FBGO. With this configuration, the

number of photoelectrons is much higher compared to the ones detected by the XPs; in

this case, the mean is about 26, so that a cut on the energy of the particle crossing the

fiber can be applied.
It was important to investigate how the removal of the wrapping from the front face

affected the pedestal width and the resolution of the FBGO. Since the FBGO detects the

majority of the annihilation photons, it contributes a lot to the definition of the threshold

for the zero energy detection. For these reasons, a compromise had to be found between
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Figure 7.5: Sketch of the configuration used to read the energy deposited in the fiber.

the number of photoelectrons from the fiber, the pedestal broadening and the degradation
of the resolution. These three correlated parameters could be modified by changing the

amount of light seen from the fiber by the PMT, i.e changing the opening of the wrapping
on the front face. The conclusion was that the best compromise is the configuration with

an aperture in the wrapping of the same size as the aerogel. This case was preferable also

because technical complications were avoided since the aerogel could be attached directly
to the wrapping. The mean number of photoelectrons was about 13±0.8. The resolution

and pedestal width are listed in the Table 7.3.

The Fig. 7.6 shows the comparison between three different configurations for the FBGO

endcap crystal:

1. The front face is wrapped with a thin 5 pm thick aluminum foil.

2. Similarly, the front face is wrapped with an Al foil, but this time with an aperture
in the wrapping of the same size as the Si02 target. Therefore, the light produced
in the fiber could travel through the aerogel and the FBGO, that served as a light

guide, and could then be detected by the FBGO PMT.

3. The wrapping of the front face had been completely removed.

To obtain the energy deposited by the positrons in the fiber, one has to subtract the

contribution of the annihilation photons that deposit some energy in the BGO from the

energy measured in the short gate. This can be done subtracting the energy measured

in the long gate with the first 15 ns cut out, multiplied by a factor that accounts for the

difference in the integration time of the signal. A cross-check has been made requiring that

no energy is deposited in the long gate, the results are shown in Fig. 7.7. The pure photon

spectrum in the short gate was taken when the front face of the BGO was completely
covered.
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Figure 7.6: Energy deposited in, the FBGO crystal for three different wrapping configura¬
tions of the front face.

7.4 Preparation of the source

Due to the problems previously encountered with the source preparation, a radioactive

solution with an activity of 4 MBq 22Na diluted in 1 ml HCl was bought. Since it was

essential to deposit the source only on one side of the fiber, a pipette with the possibility
to create drops of 1 p\ was used. The squeezed region of the fiber is only 2 inin wide,

therefore, no more than 2 p\ (corresponging to an activity of 8 kBq) could be dropped at

once. After the deposition, it took about 30 min in the ventilated box for the liquid to

ENDCAP FO]

Configuration

R FIBER SPE

No aperture

CTROSCO

Aperture

PY

No wrapping
Pedestals FWHM (keV) 16.87 20.44 37.52

Resolution FWHM (%)
511 peak 25.3 26.9 32.9

1275 peak 16.1 19.5 24.6

1786 peak 13.4 15.0 18.3

Table 7.3: The resolution of the FBGO for different wrapping configurations of the front
face (facing the SiO'i). See text for an explanation.
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Figure 7.7: Energy deposited in the fiber measured with the FBGO. The dashed line is the

energy deposited, in the fiber with the contribution of the photons detected m the BGO. The

solid line represents the energy of the fiber after the subtraction of the photon contribution.

The dotted line is the pure photon spectrum, in, the short gate luhich was taken when the

front face of the BGO was completely covered.

evaporate. The process was repeated until the required activity was reached. To reach the

activity of ~ 30 kBq half a day was necessary. In comparison with the two months that

were needed to prepare the fiber for the engineering run, this can be considered a negligible
time. The deposition was performed at PSI in the radiochemistry department.4

7.5 Optimisation of the fiber efficiency

A different method was tested to try to maximize the light collection from the fiber. The

idea was to make the transition from the center of the fiber smoother to minimize the

losses. The test was succesful and out of several fibers, using the same procedure described

in Chapter 5, the best one was selected. After the deposition of the 30 kBq on this selected

fiber, the measured coincidence rate was about 3200 triggers/s, from which the overall

efficiency for a coincidence has been estimated to be e0Vl,rau, — 10.7%. The single counting
rates in the PMTs were around 5400 eount/s, thus the single PMT efficiency, defined

in Section 6.1.2, was almost 60%. This was an improvement compared to the previous

4I would like to thank Prof. B. Eichler and Dr. J. Neuhausen for their great help.
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Figure 7.8: Coincidence rate for several fibers measured with a No, source

7.6 Data storage and managing

The total amount of space occupied by the data is not negligible, every run was about 680

MBytes (10b events). Therefore, the files were automatically zipped on the DAQ computer
before beeing transfered on the ETHZ Linux cluster at CERN where they were unzipped
and decoded to build the ROOT trees necessary for the calibration. This system was

two times more efficient than transfering the data without zipping. Once the trees were

available the pedestal means were calculated and the other checks on possible shifts in the

electronics were done. This procedure allowed a monitoring delayed by about 20 minutes

from the real acquisition time. At the end, only the zipped data files and the trees with

the calibrated data used for the analysis were saved to the disk. Therefore, 360 MBytes
per run were necessary, adding up to a total of about 4 TBytes. To examine the tails of the

total energy sum in the calorimeter, a tool was developed for visualisation. An example of

an event is illustrated in Fig 7.9.
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Figure 7.9: Display of one event in the detector.



Chapter 8

Background

In this chapter the expected sensitivity for the improved experiment is estimated with

the simulation and with the new data. The improvements of the detector were made in

order to suppress the background discussed in the previous chapters and summarized in

Table 6.6. The 1 mm thick plastic scintillator and the better resolution (as a function of the

energy) for the TBGO (see Fig.7.1) were included into the simulation. Out of about IO9

MC triggers1 no zero energy event was found with the new configuration of the detector.

8.1 Separation of 1275 keV and the 1786 keV peaks

The improvement in the TBGO resolution resulted in a better separation of the events in

the tail of the 1786 keV peak from the ones in the 1275 keV peak. With the engineering

run the background level of a fake trigger, arising from the absorption of annihilation

photon energy in the window for the 1275 keV photon in the TBGO (see Section 5.4.3),
was extracted from the data. The simulation reproduced the measured background level

with a good agreement (compare Table 6.6). The improvement in the energy resolution of

the trigger counter (see Table 7.2) increased significantly the separation between the upper

limit of the energy window of the 1275 keV photon and the 1786 keV peak from 3a to 6a.

Thus, the probability of a photon to be absorbed dropped down to less than IO-7, and

therefore, assuming Gaussian tails, the reduction factor is 5 orders of magnitude. Even

though this argument is obviously very optimistic, it was shown that this estimation was

in fair agreement with the simulation. For this reason, the improvement in the resolution

of the TBGO suppresses this background to a probability of less than 10~°.

1The trigger was defined as: at least 20 keV deposited in the fiber, the 1.27 MeV photon in the TBGO

inside ±1<j and an energy of less than 50 keV in the plastic scintillator on the front face of the TBGO.
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8.2 e-7 discrimination in the trigger BGO

The 1 mm thick plastic scintillator coupled to the front face of the TBGO served as a veto

for charged particles in the TBGO. With this method the background from the multiple

scattering positrons and the Compton electrons, described in Section 5.4.3, is suppressed

efficiently. A natural question is how to estimate the discrimination efficiency, since some

low energetic positrons could not be detected due to a low photo-statistics. However, this

is not important because the background from low energetic positrons is rejected even if

those are not detected. In fact, the low energetic e+, that triggered the fiber and then is

backscattered in the TBGO via MS, will stop in the plastic scintillator. Therefore, the two

511 keV annihilation photons will not have the possibility to be completely absorbed in

the TBGO, since they are emitted back to back.

8.3 Rejection of the shake-off electrons

In the background estimation of Chapter 6, the probability of an electron to be ejected in

the EC process could not be determined for the reasons that were pointed out. With the

information of the energy deposited in the fiber, a study of the background arising from the

shake-off electrons, could be performed. The fraction of zero events, as a function of the

fiber energy cut, was plotted and compared with the calculations. The results are shown

in Fig. 8.1. The errors on the energy axis is 1.64n (90% confidence level) were determined

knowing the number of photoelectrons as a function of the energy. The data reproduced
the expectations, thus, a cut on the energy at 140 keV will be sufficient to suppress this

source of background down to < 1 x 10~7. The normalization of the function, Pejec, the

total probability of ejection given by (5.10), was left as a free parameter for the fit of the

function (5.10) to the measured points, due to the uncertainty of the calculations. The

result is that the best fit is given for a value of the normalization constant which is c^ 5

times bigger than what was calculated by Primakoff and Porter.

To obtain the energy, deposited by the positrons (or by the electrons) in the fiber, one

has to subtract the contribution of the annihilation photons that deposit some energy in

the TBGO from the energy measured in the short gate. This can be clone subtracting
the energy measured in the long gate, where the first 15 ns of the signal were cut out,

multiplied by a factor that accounts for the difference in the integration time of the signal.
This procedure introduces some additional uncertainty in the energy determination of the

energy deposited in the fiber that can be seen in Fig. 8.2. The plot shows the comparison

between the spectrum obtained with this method and the spectrum obtained requiring

that no energy is deposited in the long gate, i.e. that there is no contribution from the

annihilation photons. The ratio between events with only the energy of the fiber detected

in the FBGO and events with the additional energy of the photons is 0.19. The broadening
of the peak due to this subtraction method is about 18%, thus, this has to be taken into

account when setting the threshold for the energy deposited in the fiber.

The fiber was calibrated with the MC simulation comparing the positions of the end-
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LU

Energy (ke V)

Figure 8.1. Comparison between theoretical prediction and measured probability of the elec¬

tron ejection m the EC process. For the data the fraction of zero energy events as a function

of the energy deposited m the fiber is plotted

point energy, defined with an exponential extiapolation, and the mean of the spectra The

calibration was planned to be done with inono-energetic electrons emitted in the internal

conversion process sources (i.e. i"9Cd) but, unfoitunately, the radioprotection at CERN

could not provide us with such sources in time foi the beginning of the experiment.

8.4 Summary of the expected background

In Table 8 1 the expectations for the different background sources of the experiment aie

listed. The limitation m the sensitivity is given by the shake-off electrons. The thieshold

on the energy deposited in the fiber was set at the desiied level considering the uncertainty

due to the number of photoelectrons and the subtraction method to be sure that no electron

below 100 keV could trigger the fiber; it was chosen, based on simulations, to be at 140

keV.
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Figure 8.2: The plot shows the energy deposited in, the fiber measured with the FBGO.

The dashed line is the energy deposited in the fiber without the contribution of the photons
detected in the BGO. The dotted line represents the energy of the fiber after the subtraction

of the photon contribution with the method described in the text. The plots are normalized

to the maximum of the energy peak to show the broadening introduced by the subtraction

method.
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BACKGROUND

SOURCE

EXPECTED

LEVEL

Hermiticity
Dead Material

Resolution

< io-9

Absorption in trigger

Energy window < IO"9

MS positron

546 keV <10"9

MS positron
1.83 MeV < IO"9

Compton EC photon < IO"9

Accidental noise and EC photon 3.2 x 10"11

Source contamination

and EC photon < 1.9 x 10"10

Shake-off electrons

in EC process

~ 10"8

(for 140 keV threshold)
Physical backgrounds 10-iu

Total ~ IO"8

Table 8.1: Summary of the different background sources expected in the experiment.
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Chapter 9

Results

The data taking with the target region filled with air started at the end of October and

lasted till the end of December 2005. In total 0.6x 1010 fiber triggers were recorded. The

second part of the data taking with the target region filled with nitrogen started at the

beginning of January and lasted till the beginning of March 2006. In total 0.79 x 10lü

fiber triggers were recorded. Summing up the two periods, results in a total number of

1.39 x 1010 triggers to be analyzed.

9.1 Data selection

The following variables have been used for the event characterization:

1. ATsf,Œ-t is the timing of the end marker generated with the dual timer unit that forms

the short gate to check the; short gate stability.

2. ATiong is the pedestal position of one of the QDC channels to monitor the long gate

stability. In fact any variation in the gate length will result in a pedestal shift.

3. ATXp is the timing interval between the two XPs reading the fiber.

4. ATTBGO is the timing between the XPs coincidence and the trigger BGO.

5. AExuao, is the energy window for the 1.27 MeV photon selection in the trigger BGO

with the first 15 ns of the signal cut out.

6. AETbgo is the energy window for the 1.27 MeV photon selection in the trigger BGO

with the whole signal integrated.

7. AEfbqo ifi the energy deposition in the fiber measured with the FBGO

These variables can be grouped in three categories, depending on their function. The

chosen selection cuts are shown in Fig. 9.1. The first two variables have the function of
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Figure 9.1: Cuts applied in the 2005 measurements. The numbers on the plot correspond
to the variable defined in the text,.

checking the stability of the electronics and especially the gates. The selection is obvious

and has been done experimentally looking at the obtained spectra. The second category,
the variables 3) and 4), suppress the accidentals, lowering the ratio Rt between a fake

positron trigger and a real positron trigger defined in Section 5.1. The cuts have been

chosen to minimize the accidentals and maximize the statistics, as it was explained in

Chapter 6. The third category (variables 5 to 7) are the cuts that reduce fake triggers
from backgrounds that mimic the appearance of a positron in the formation cavity region.

Furthermore, the upper limit of the energy window for the 1.27 MeV photon is very sensitive

to the background from the absorption of one 511 keV 7 in the trigger energy window, as

explained in Chapter 5. Therefore, the long gate integration which has a better resolution

is used to define this selection, while the short gate is used to reject the events with some

energy deposited in the scintillator. The cut of ±ler was selected to be very narrow in order
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to have the lowest possible ratio Rt, while keeping the trigger efficiency reasonably large.

All the selection cuts, excluding 7) have been defined in terms of sigma. The Table 9.1

summarizes the values used and the evolution of the number of events passing the cuts.

For every run the means and the sigmas of the peaks are recalculated during the analysis

to take into account possible shifts. The interval for the energy deposited in the fiber was

redefined for every run using the mean of the peak which was observed to be stable to ±1

ADC counts. The lower cut for the energy deposited in the fiber has been chosen based

on the plot of Fig 8.1, as it was pointed out in the previous chapter. The fraction of the

o-Ps is reduced by 20% applying the threshold for the energy cut in the fiber, as it was

expected, since the positrons depositing more energy are the ones stopping in the fiber.

This was checked plotting the energy deposited in fiber after the o-Ps event selection in

the timing spectra.

Variable Selection cut Fraction of events

name #C7'S value of 1er remaining after cuts

1) ATshort ±4(7 1.03 ns 99.3%

2) ATlong ±4cj 0.8 ADC counts 98.9%

3) ATXP ±1C7 1.87 ns 75.5%

4) ATtbgo ±1C7 3.71 ns 27.2%

5) AEtRao ±1(7 74keV 3.1%

6) AEtbgoc ±lcj 67keV 2.7%

7) AEfbgo 140 ke1V < Efbgo < 400 keV 1.1%

Table 9.1: Definition of cuts and the remaining fraction of events after the cut is applied.

After the data reductions listed in 9.1, a final sample of 1.41 x 108 events remained,

combining the two data taking periods with the target in air or flushed with nitrogen.

9.2 Stability of the experiment

As mentioned, in Chapter 5, the light tight box and the room were thermally stabilized.

Fig. 9.2 shows that during more than two months the temperature inside and outside the

box was stable to ±1°C. Fig 9.3 demonstrates the stability of the electronics monitored

with the QDC pedestals. A similar plot is obtained for the crystal responses, plotting the

511 keV peak position. Thus, the overall stability of the detector is estimated to ±1%.

The DAQ PC and the PC used to monitor and transfer the data were checked by an

independent computer, thus, in case of crashes an sms was sent to alert the responsible

person. At the beginning of December the DAQ computer was starting to get very unstable

and finally, at the middle of the month, broke down definitely and had to be substitutes.

Therefore, a couple of days were lost to reinstall and reconfigure the new computer, that

fortunately turned out to be more stable.
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Figure 9.3: Pedestal variations for three ADC channels during two months of running.

9.3 Zero energy events shape and threshold definition

To define the upper energy threshold, below which an event is considered as depositing
zero energy in the calorimeter, a dedicated run was performed triggering the experiment
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only with the 1.27 MeV photon. The result of the IO7 triggers is plotted in Fig. 9.4. The

peak around zero contains about 10.4±1.2% of the total number of events passing the cuts1

is consistent with the expected fraction of electron capture events. The fit of the zero peak

gives it = 30.65 ± 0.97keV, thus, the threshold at 99% confidence level lies at 80 keV.
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Figure 9.4: Sum of the energy deposited in, the calorimeter with, only the 1.27McV i as a

trigger. Only the zero energy peak is shown, corresponding to about, 10% of the events.

9.4 Inefficiency of the signal detection

To define the inefficiency, mostly due to pileup, IO6 events have been collected using a

random trigger formed delaying the fiber coincidence by 16 ps (half of the mean time

interval between two events). The sum of the energy over the crystals is shown in Fig. 9.5.

For the 80 keV threshold defined above, this gives an inefficiency of 11.6% that is consistent

with the prediction of the simulation. This inefficiency was measured at the beginning of

the data taking and, conservatively, will not be corrected for the reduction of the source

intensity. For the FBGO, the broadening of the pedestal due to the contribution of energy

deposited in the fiber, should be considered and therefore, the data acquired with the usual

trigger were used. The energy of the two 511 keV annihilation photons was localized in

two crystals of the inner most ring, opposite to each other, and then the FBGO pedestal

1This value» was corrected for the different detection efficiencies of the 1.27 MeV from EC and from the

transition with the positron with the MC simulations.
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was built. This result in a correction of 1% in the inefficiency of zero signal detection, thus,
finally the efficiency to detect an invisible decay is 87.4%.
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Figure 9.5: Sum of the energy deposited in the calorimeter with a random, trigger.

9.5 Branching ratio Br(o — Ps —» invisible)

For both data samples the energy sum over the calorimeter was performed using Eq. 5.1

and the combined result is shown in Fig. 9.6.

The two data samples can be combined by calculating the total number of produced
o-Ps taking into account the different fraction of o-Ps formed in air and in nitrogen (see
Table 9.2).

DATA Air Nitrogen Combined

Fiber triggers 0.6xl010 0.79xl0lü 1.39xl0lü

Selected events 0.61x10s 0.8x10s 1.41x10s

o-Ps fraction 3.41 % 5.29 % 4.48 %

Number of o-Ps 2.08x10° 4.23x10e 6.31 xlu6

Table 9.2: Data taking statistics.

Since in the signal region no zero energy events were observed one can calculate the

upper limit at 90% CL for the branching ratio assuming Poisson statistics:
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Figure 9.6: Sum of the total, energy in, the EGAL. The inset shows the magnified view of
the low-energy region.

Br(o - Ps -y invisible) - 2.3/(/V„_p.s • e) < 4.2 x IO"7 (9.1)

where e — 87.4% was the measured efficiency for a zero energy signal detection and

N0_ps = 6.31 ±0.28 x 10° is the number of o-Ps in the selected sample. The Fig. 9.7 shows

the extrapolation into the region of the zero signal, with an exponential:

f(E) =A-e
R-E

(9.2)

where A = 1.75(±0.07) x IO"3 and B = 1.98(±0.06) x IO"2 are the results of the fit.

The integral of the function (9.2) from 0 to 80 keV gives an evaluation of the background
contribution in this region. The result is N^kg — 0.34 ± 0.04 events, where the error is

roughly evaluated from the uncertainty related to the extrapolation procedure itself.

9.5.1 Limit on milli-charged particles

From the Eq.(3.15) the bound for particles with a fraction e of the electron charge can be

plotted as a function of their mass rnx (for m,x < me), as shown in Fig. 9.8. Thus, the

region of the charge-mass parameter space, which was not excluded directly by the SLAC

results and the previous search for o — Ps —> invisible [82], is covered by this experiment

(see Fig. 3.2).
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Figure 9.7: Extrapolation with an exponential into the region of the zero energy signal.

9.5.2 Bound on the strength for photon-mirror photon mixing

The limit on the Br(o—Ps —> invisible) results in a mixing strength off < 1.55 x IO""7. This

was calculated with the formula (3.31) by substituting the typical value of Tcou = 5x 104 s~l

for the collision rate of the o-Ps against the walls of the aerogel pores [28]. This is still

above the BBN limit of e < 3 x 10-8. To cover all the region of interest suggested by
the DAMA and CRESST results and motivated by GUT predictions, that extend up to

e > 1 x 10~9 (see Section 3.2.4), an experiment in vacuum is needed since the collision rate

will be 4-5 orders of magnitude smaller.

9.5.3 Upper limit on the tau neutrino magnetic moment

The possibility of neutrino magnetic moments requires neutrinos to be Dirac massive par¬

ticles [141]. The present experimental upper limit for the neutrino magnetic moments are2

[120]:

/V < 1 x 10_1Vß, /H < 6.8 x l0~wpB, p»T < 3.9 x 10"% (9.3)

It was shown [49], that the upper limit on the branching ratio for the invisible decay
can be used to set an upper bound for the neutrino magnetic moment \iUl (I = e,p,,r). If

2Astrophysical or cosmological constraints are more stringent, however, they are model dependent and

have not been included
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Figure 9.8: Mass-charge parameter space for the o-Ps decay into milli-charged particles,
excluded with, this experiment.

one assumes that the contribution of the magnetic moment to the decay rate of o-Ps into

neutrinos is dominant, one can write:

r
_

—

1 o-Ps—tl/l/
—

a?mec2 sr^ ( ll^\

s—,£ (a^)
l—e.,ß,T

1 -
mi

mi

1 + 2-
m

vi

mi
(9.4)

From this equation it follows that

/ V ^
o ^,

m\>—Ps—finvisible

3.6 x 10°
(9.5)

Since the limit on pUt.,pVll -C /v and rn^^m^ <£ m^ [120], with the upper limit (9.1)
one obtains:

,2

pr < 4.66 x 10"% /1 TT 1 + 2^
mi

mi

mi
(9.6)
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The upper bound is plotted as a function of mVr in Fig. 9.9. Clearly, these numbers are

not competitive with the limit of the DONUT experiment [142] quoted in (9.3), however,

they were obtained with completely different systematic effects.

xl0{"2)

100 200 300 400 500

Mass (keV)

Figure 9.9: Upper limit for the lau neutrino magnetic moment as a function of the assumed

tau neutrino mass.

9.5.4 Upper limit on p-Ps^ invisible and e+e —> invisible

The probability to form positronium (o-Ps and p-Ps included) per positron stopping in the

aerogel is about 0.45, while in the fiber it is between 0.2 and 0.4. In aerogel a fraction of

0.05 to 0.1 of the p-Ps atoms experience pick-off annihilation in about 2 ns before escaping

out of the silica grains in the pores. As mentioned in Section 6.1.4, for o-Ps this ranges

probability from 0.28 to 0.45. In a plastic scintillator (the fiber) the corresponding pick-off

probabilities are 0.99 to 1 for o-Ps and 0.05 to 0.1 for p-Ps. From the simulations, the

fraction of positrons stopping in the fiber is 0.43, therefore, the smallest possible fraction

of p-Ps decays (including pick-off) is 5.5%, thus, an upper bound for the the invisible decay
of p-Ps can be calculated:

Br(p - Ps -» invisible) = 2.3/(Np_Ps e) < 4.3 x IO"7 (9.7)

where Np-Ps = 0.055 • 1.41 x 10s = 6.14 x IO6 was used and the positrons that do not stop

in the fiber or in the aerogel are assumed to annihilate directly.
The number of e+e~ decays can be calculated subtracting from the total number of events
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the p-Ps and o-Ps decays, thus, one obtains Ne+e- — 1.29 x IO8 and an upper limit for the

branching ratio of:

Br(e+e~ -> invisible) = 2.3/(Ne+e- • e) < 2.1 x IO"8 (9.8)

These upper limits are at 90% CL assuming Poisson statistics, but the errors on the

determination of the Np^Pf, and Ne+e- are not included.
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Chapter 10

Future perspectives

The background limit of this experiment could be reached by improving the trigger, i.e.

having the 1.27 MeV photon in coincidence with the fiber in the hardware trigger. The

trigger rate will drop down to less than 1 kHz (depending on the hardware threshold),

thus, no loss of data will be produced. For the same amount of time, one will have a factor

1.9 more data compared to the present experiment and therefore, the estimated limitation

could be reached in 6 months of running time. An attempt was already done but this

modification resulted to be not so trivial as one could think. In fact, the energy resolution

of the trigger counter was deteriorated by changes in the configuration needed to form the

trigger. The problem was not investigated further because of the time limitation for the

author to finish this PhD thesis. Other future improvements that could be introduced are:

1. If enough statistics is acquired, a new feature for this type of experiment could be

exploited. The idea is to obtain a pure o-Ps decay energy spectrum by comparing

two different spectra from the same target filled either with N2 (low o-Ps quenching)
or with air, where the presence of paramagnetic Ö2 will quench the fraction of o-Ps

in the target from about 5.3% down to 3.4% (due to the spin exchange, as explained

in Section 2.2.2). Thus, the subtraction of these properly normalized spectra, will

result in a pure o-Ps annihilation energy spectrum with the advantage of reducing

the systematics. In this work this idea was successfully tested, performing the first

part of the data taking with the target region filled with air and the second part with

nitrogen.

2. It was demonstrated that the 3M radiant mirror film, selected for the trigger counter

wrapping, improves the light collection by at least 5% compared to the teflon in

which the crystals are originally wrapped. Another advantage is that this reflector

is more than 10 timers thinner than the teflon (64 p,m instead of 750 pm), thus, the

amount of dead material would be significantly reduced if one would replace all teflon

with 3M foil wrappings. Furthermore, the 3M film is scintillating, and therefore, if

one could collect the light which propagates inside the foil one could have an active

wrapping! In the Castor experiment, where similar films are used, the surface of
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the APDs reading the crystals was chosen to be a bit larger in order to read the

scintillating light from the wrapping as well.

3. The crystals used in the experiment have all faces polished. It was realized that

rugged faces provide a better light collection, and therefore, some improvement in

the performance of the detector is possible.

4. The use of a more sophisticated algorithm to sum up the energy of all the crystals

could be employed, trying to keep the threshold as low as possible. The idea is to

exploit the granularity of the detector, thus, fixing a zero energy threshold for every

single crystal. On the one hand, the counters lying in the outer rings have a much

narrower pedestal since the pileup is smaller, and therefore, their threshold can be set

at a few keV without loosing efficiency of zero energy signal detection. On the other

hand, the inner crystals will have a broader pedestal, thus, for them the threshold has

to be higher. The efficiency for every crystal has to be measured, as it was explained

in the previous chapter, and then, the threshold can be set trying to compromise

their values with the efficiency of zero energy signal detection that can be calculated

as,

c^n^' (i(u)
1=0

where e,- is the measured efficiency of the counter i for a fixed threshold, as shown in

Fig.10.1.

5. The splitting of the signals from the TBGO and the FBGO, should be feasible with¬

out degrading the pedestals and the resolution, using a transformer to match the

impedance from the splitter to the QDC v792.

6. The optimisation of the fiber thickness to have more precise information on the

energy deposited in the fiber. Instead of fOO p,m the squeezed region could be 150

pm. The simulation shows that the loss of positrons entering the aerogel would be

50%, however the cut on the energy of the fiber could be defined more precisely [137].

7. A dichronic filter transmitting light peaked around 410 nm (the plastic scintillator

maximum) and reflecting light peaked at 480 nm (the peak of the BGO emission)
could be employed instead of the aluminum wrapping on the front of the BGO reading

the fiber. Such filters can have a thickness of a few microns.

As mentioned, the shake-off process suffers a lack of data, thus, it will be very useful

to perform a measurement of the total ejection probability and the shape of the electron

distribution. This could be clone with the same detector performing some small modifica¬

tions. The trigger will be the 1.27 MeV photon in the TBGO counter. The 22Na source

could be sandwiched between two 1 mm plastic scintillators placed in front of the FBGO

to measure the energy of the shake-off electrons when no energy is deposited in the rest

of the calorimeter. Doing that one could kill two birds with one shot since with the same
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experiment a precise measurement of the EC photons ratio could be done. This will be

a different technique, compared to the ones used previously [140], and some preliminary

estimates show that an improvement of a factor 10 should be feasible. The measurement

and the theory are not in agreement, thus some theoretical work should be devoted as well.

To improve further the sensitivity of a search for o — Ps —> invisible the charge of

the triggering particle has to be identified. This can be done with a magnetic field as

proposed by a collaboration of Berkley and the Livermore National Laboratories [139],
using a inini-TPC as a trigger.

Another possibility is to use the pulsed slow positron beam that we developed (a short

description is given in the Appendix B). In this case, no background from the shake-off

electrons or from the 1.27 MeV photon, will be produced. This experiment will be much

more sensitive to the o-Ps -mirror o-Ps oscillation since the suppression due to the collision

with the cavity walls will be a factor IO4 smaller than in the case of the aerogel. In a

vacuum cavity the o-Ps undergoes only a few collisions per lifetime (4-5) [28], With a limit

on the branching ratio of Br(o — Ps —> invisible)< 10~b, one could set un upper limit on

the mixing strength of e = 2 x 10~9. This is more stringent than the BBN limit and will be

in the region favoured by GUT theories and suggested by the DAMA and CREST results

(see Section 3.2.4).
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Chapter 11

Conclusions

This thesis focused on the search for new physics in exotic decays of positronium. Due

to the unique properties of a particle(electron)-antiparticle(positron) system (thus, having

the quantum numbers of the vacuum), positronium is a very sensitive probe to test new

interactions, which are not accommodated in the Standard Model (SM). Moreover, for

the triplet spin ground state (the orthopositronium) the long lifetime, compared to the

singlet spin ground state (the parapositronium), gives an enhancement factor of ~ IO3 in

the sensitivity to such an admixture. Therefore, searches of new physics, like for example
searches for axions, dark matter of the mirror matter type, milli-charged particles or extra-

dimensions, concentrate mainly with orthopositroniuin decays.
In the Introduction, we presented a brief review of the history of the orthopositronium

(o-Ps) lifetime measurements and calculations. The discrepancy between the measured and

the predicted lifetime of o-Ps in vacuum, first observed by the Michigan group in 1990,

was one of the motivations for searches of new physics with positronium.

In the second chapter, the properties of positronium, like the hyperfine splitting of

the ground state of positronium, the calculations for the decay rate of p-Ps and o-Ps, the

interaction with the environment (i.e. the pick-off process, the spin exchange mechanism

and the quenching in a magnetic field), were reviewed in order to set the basis for the

theoretical understanding of the measurements relevant to this thesis.

In Chapter 3, the previous experimental searches for the visible and invisible exotic

decays of positronium and the models in which such exotic decays are predicted were

presented. Invisible decay nieans photon-less decay (no photons are present in the final

state), i.e. the energy of ^ 1 MeV (the positronium mass) is not detected in a 47T calorimeter

surrounding the positronium formation region. In the Standard Model, invisible decays of

positronium with two neutrinos in the final state can occur, however, the branching ratios

for these processes (< IO-18) is well beyond the experimental reach. The new models that

are relevant to the o — Ps —> invisible decay mode predict the existence either of i) extra-

dimensions, or ii) fractionally charged particles, or iii) a new light vector gauge boson, or

iv) dark matter of the mirror matter type. The required sensitivity in the branching ratio

Br(o — Ps —> invisible) for the possible observation of these phenomena has to be at least

10"8.

Ill
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The first experiment performed for this thesis was a direct search of the exotic three

body decay of orthopositronium in one photon and two weakly interacting particles o —

Ps —> 7 + Xi + X2 (Chapter 4). It had the purpose to shed some light, in the discrepancy

between the measured and the predicted lifetime of o-Ps, first observed by the Michigan

group in 1990. The detector was made of 24 BGO (Bismuth Germanate Oxide) crystals

surrounding the aerogel that was used as a target for the positronium formation. Only 1

event was found in the signal region consistent with the background estimation. An upper

limit at 90 % CL on this exotic three body decay of orthopositronium was set:

Br(o - Ps -» 7 + Xi + X2) < 4.4 x IO"5

for weakly interacting particle masses m^ + mX2 < 900 keV. This result excluded this

decay mode as the source of the lifetime discrepancy.

This initial experiment allowed us to acquire knowledge in important experimental

methods: the positron tagging system, the formation of positronium in aerogel, the effect on

the lifetime for positronium in different gases and the detection of low energy photon with

BGO crystals. We also developed a detailed Monte Carlo simulation (based on the Geant

3 code, see Appendix A) that could be cross-checked and improved from the comparison

with the data.

This simulation served to study the feasibility of the experiment to search for the decay

o — Ps —> invisible with a sensitivity of 10~8 (Chapter 5). The detector was designed, built

and commissioned, and the DAQ and the electronics were developed, thus, an engineering

run could be performed. The detector, compared to the previous search, was increased

in size and the geometry was studied to get a better efficiency of annihilation photons

detection (100 BGO crystals), the tagging system for the positron was improved and the

target dimensions and the source activity were optimized. This run was twofold: check the

stability of the detector and its components and cross check the simulation by comparing

the predicted background with the estimations from the data. The expectations from the

simulations and from the calculations were in good agreement with the data as shown in

Chapter 6.

The engineering run confirmed that the following improvements (discussed in Chapter

7) were mandatory in order to reach the desired sensitivity: a better resolution of the

trigger endcap crystal (TBGO), the discrimination between charged particles and photons

in the TBGO, and a better measurement of the energy deposited in the fiber.

The effectiveness of these improvements was demonstrated with the background esti¬

mations, presented in Chapter 8, comparing the new data with the simulations.

After 20 weeks of data taking with the modified detector a total number of 1.39 x 1010

triggers were collected. The idea to obtain a pure o-Ps decay energy spectrum by comparing

two different spectra from the same target filled either with A^ (low o-Ps quenching) or with

air was successfully tested, thus, this new method could be used in future measurements to

further improve the sensitivity. During nine weeks the target region was filled with air while

during the other eleven weeks the target region was flushed with nitrogen. The subtraction

of the two properly normalized spectra, will result in a pure o-Ps annihilation energy
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spectïum with the advantage of reducing the systematics. Since no signal was found in the

energy window [0,80] keV a subtraction was not necessary. This result could be interpreted

as an upper limit at 90% confidence level on the branching ratio of o — Ps —> invisible:

Br(o - Ps — invisible) < 4.2 x IO"7

This is 7 times more stringent than the existing bound [82].
Analyzed in the context of theoretical models the negative result provides an upper limit

on the photon mirror-photon mixing strength e < 1.55 x 10~7 and rules out particles with

a fraction e < 3.4 x 10~5 (for mx < me) of the electron charge (so-called milli-charged

particles). Furthermore, an upper limit on the magnetic moment of the tau neutrino

pr < 4.66 x 10~bpR and on the branching ratios at 90% CL for the process Br(p — Ps —»

invisible) < 4.3 x 10"7 and Br(ei+e~ —> invisible) < 2.1 x IO"8 could be set.

This result is limited by the statistics and not by the intrinsic background of the ex¬

periment. In fact, the extrapolation of the sum of the total energy in the detector into the

signal region and the measurement of the ejection probability for atomic shell electrons

in the EC process, show that potentially with this technique the upper limit could be

improved at least by another factor 6 to Br(o — Ps —> invisible)^ 8 x 10~8.
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Appendix A

Description of the simulation

The simulation is based on the Geant 3 code. The detector geometry is precisely repro¬

duced, the fiber, the aerogel, the 100 BGO crystals with their wrapping (the internal ring

with the 2 pm mylar and the others with the teflon wrapping of 750 pm). The position

of the crystals, since it was not measured during the mounting of the calorimeter for the

engineering run, was adjusted from the counting rate in the single crystals. For the final

setup the position of the crystals was measured precisely. The resolution of the crystals

as a function of the energy has been measured experimentally for the first ring, fitting the

peaks at 511 keV, 1275 keV and 1786 keV. For the second ring only the 511 keV and the

1275 keV could be fitted. The function used for the fitting was [135]:

o~(E) ab
, . .,

The coefficients a,b and c characterize the scintillator (in our case the BGO) with its

PMT. The first term in A.l is due to the statistical fluctuation in the number of photons

generated in the BGO, the second term reflects the fixed channel width of the ADC and the

contribution of the electronic noise while c accounts for non-uniformities and non linearities

in the PMTs and in the ADCs. The same function is used in the simulation, however one

cannot use directly a, b, c obtained from the measurement because of the Compton, the

pileup and other processes that contribute to the peak broadening. Therefore, the constants

in the simulation are set so that the measured spectra are reproduced. The energy spread
is introduced using:

E = E,im + a(EKim) s (A.2)

where Esim is the energy from the simulation and s is a random number from a Gaussian

distribution with sigma from Eq.(A.l), extracted calling the subroutine rnormlQ. The

tracked particles are generated at the vertex placed in the middle of the squeezed region of

the scintillating fiber. The fact that the source is not point like is considered, the source is

assumed to be uniformly distributed on a spot with 2 mm diameter (the size of a radioactive

solution drop). In 99.994% of the cases a 1275 keV photon is generated isotropically; 90.4%

of these photons are accompanied by a positron with end point energy of 0.546 MeV and
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9.4% of the photons are emitted alone (due to electron capture). In 0.006% only a positron

of 1830 keV is generated from the source.

The initial momentum of the positrons p is simulated multiplying a random number

ry <E [0,1] with the end-point momentum of the positron pmax = 922 keV:

p = n pmax (A.3)

The emission probability for the given momentum is then calculated according to the phase

space with:

I» = p2 (/C„, - vV + m,2)2 (A.4)

where me is the positron mass and Emax — 1055 keV is the end point total energy. The

beta spectrum is then reproduced comparing T(p) with another random number r2 G [0,1]
multiplied by the maximum of the positron emission distribution. If the condition:

r, < ^ (A.5)
1

rmax

is true the positron is emitted, otherwise another p is calculated. This is repeated till the

(A.5) is satisfied.

When the positron stops in the aerogel one can have a 2 or a 3 photons decay, depend¬

ing on whether annihilation in flight, para- or orthopositronium creation occurred. The

probability of positronium formation is taken from the data (about 5-6% depending on

whether nitrogen or air is used).
The momentum of the three photons is calculated using the matrix element of Eq.(2.14).

The Geant subroutine gdeca3() generates three photons with momentum w1 (i — 1,2,3),
these are inserted in the matrix element. This result is compared with the maximum of

Mops^37 multiplied with a random number, i.e. the same method described previously for

the generation of the positron spectrum is employed.
The simulation was of great help to understand the backgrounds of the experiment

comparing it with the data of the engineering run. The next step of a massive MC pro¬

duction started with the goal of having at least 1011 simulation events. The results are not

available yet but they could be used to understand the tails of the total energy sum for

future improvements.



Appendix B

The slow positron beam

A brief description of the slow positron beam (shown in the Fig. B.l) is presented. It was

constructed for a multipurpose program: precision tests of QED and search for new physics

beyond the Standard Model [62, 145]. Furthermore, it has been realized that such a beam

could have many other interesting applications for the characterization of nanometer scale

materials with positrons. It is well known that the methods of positron annihilation life¬

time spectroscopy (PALS), Doppler broadening spectroscopy (DBS) or angular correlation

annihilation radiation (AGAR) provide sensitive tools for studies of polymers, of coatings,
measurements of thin film porosity, investigation of semiconductor defects and quantum

dot properties. One of the most exciting and interesting experiment of this program, is

probably the search for a hidden particle sector through invisible decays of orthopositro¬

nium in vacuum. One of the examples of such a hidden sector (a part, of course from

extra-dimensions) is the so called mirror world that could be a good candidate for dark

matter (see Section 3.2.4). Recently, the possibility to discover this particle sector at LHC

was discussed [116]
An experiment to search for o — Ps —> invisible decays in vacuum will be much more

sensitive to the o-Ps -mirror o-Ps oscillation than the search presented in this PhD thesis.

In fact, the suppression factor due to the collisions with the cavity walls (which destroy the

coherence of the oscillation) will be ^ IO4 smaller than in the case of the aerogel target.

With a limit on the branching ratio for o — Ps —» invisible of the order of c^ 1 x 10~6, one

could set an upper limit on the mixing strength e~2x 10~<J. This limit, being ten times

more stringent than the BBN bound [91], will touch the region favored by GUT theories

and by the hints from the DAMA and CREST experiments (see Section 3.2.4). The prin¬

ciple of the experiment is very similar to the one presented in this work. The positrons
are tagged through the coincidence of signals from the positron bunching system and from

a micro-channel plate that detect the secondary electrons emitted when the positrons hit

the target (see Figs. B.2 and B.3). The probability for o-Ps to migrate into the vacuum

after its formation in a thin Si02 film used as a target is 30 — 33% [33]. A 4tt calorimeter,

surrounding the o-Ps formation region, will detect either the direct 27 annihilation in flight
or the 2(3) photons from the para-(ortho)positronium decays in the target. The sum of

the total energy deposited by the annihilation photons in the detector is then performed.

117
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A preliminary simulation shows that a limit on the branching ratio of the order of c^ lx 10_ü

is feasible if the pipe could be constructed with a thickness of < 1 mm. To prevent o-Ps

to escape out of the detection region, one could use an aperture or two, similar to what

was done for the lifetime measurement in vacuum [33], to suppress this possibility to the

required level. A problem to go down to a much lower sensitivity (~ 10~8) arises from

the dead material introduced by the beam pipe and the possibility for the o-Ps to escape

through a region of lower detection efficiency. A great advantage of this technique is that

o-Ps could be formed with a probability of 30-33% using SiÜ2 films. This is almost ten

times higher than in aerogel and, therefore, the background from the 2 annihilation gammas

and the statistics required to achieve the same limit will be 10 times smaller. Furthermore,
the triggering efficiency will be much higher compared to the experiment presented in this

thesis since no 1.27 MeV is required and no cut on the energy deposition in the fiber has

to be performed.
The efficiency of zero energy signal detection will also be increased since in this case the

pile-up will be generated by the probability of having more than one positron per bunch.

This effect can be minimized optimizing three parameters: the source activity, the length
of the initial beam pulse and the repetition rate.

Moreover, this beam could be used for precise tests of QED; as it was pointed out in

the Introduction, the precision in the measured lifetime of orthopositronium is 200 times

worse than the theoretical uncertainty, thus, a new experiment is needed to check the new

corrections. This is also important for QCD calculations in quarkonium.
There is still a 3cr discrepancy between the experimental results and the theory, in

the measurement of the positronium hyperfine splitting (HFS). Since positronium is a real

two-body system purely determined by QED, it could help to understand the higher recoil

corrections within bound state QED, which play a significant role in other QED tests with

the HFS (Hydrogen and Helium) [146]. The beam could also be used to test the funda¬

mental C, CP, CPT symmetries and QED in rare annihilation modes of positronium [147].
This is related to the possible violation of these symmetries in the leptonic sector [149]. For

example, the amplitude parameter of CP violation could be derived from the asymmetry
in the angular distribution annihilation photons of orthopositronium in a magnetic field

[148].
A detailed description of the high-efficiency pulsed slow positron beam which we de¬

veloped can be found in the recent paper [150]. The setup is shown in the Fig B.l and a

schematic of the pulsing system is illustrated in Fig B.2. The positrons from a radioactive

source of 22Na: (1.5 MBq) are magnetically transported to the target region. The pulsing
scheme is based on a double gap coaxial buncher powered by an RF pulse of appropriate

shape. The modulation of the positrons velocity in the two gaps is used to adjust their

time-of-flight to the target. This pulsing system allows to efficiently compress initial pulses

ranging from 50 to 300 ns to bunches of a width of 0.4 to 2.3 ns, respectively, with a

repetition period of 1 ps. The obtained compression ratio of ~ 100 is a factor 5 times

better than what was previously reported [143, 144].

1Prepared by bombarding a 130 /un pure aluminum foil with the 590 MeV proton beam at PSI
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Figure B 1 Picture of tin slow positron beam
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Figure B.2: Schematic view of the slow positron beam and the bunching system.



121

COILS

e+

< 3 ns

TURBOPUMP

TARGET

300 V

Figure B.3: Schematic view of the positron tagging system and the detector for the search

of Br(o — Ps —> invisible) decays in vacuum.



122 Appendix B. The slow positron beam

0*\



Bibliography

[2

[4:

[ö

[T

[8

[9

[io;

[h

[12

[13

[14

[15

[16

[17

[1«

P. A. M. Dirac, Nobel Lecture, December 12, 1933, "Theory of electrons and positrons"

C. Anderson, Nobel Lecture December 12, 1936, "Production and properties of

positrons,"

S. Mohorovicic, Astron.Nac.hr. 253, 94 (1934)

A. E. Ruark, Phys.Rev. 68, 278 (1945)

J. A. Wheeler, Ann. N.Y. Acad. Sei. 48, 219 (1946)

J. Pirenne, Arch. Sei. Phys. Nat. 28 233 (1946), 233; 29, 121 (1947)

A. Ore and J. L. Powell, Phys. Rev. 75, 1696 (1949)

M. Deutsch, Phys. Rev. 82, 455 (1951)

M. Deutsch, Phys. Rev. 83, 866 (1951)

R. H. Beers and V. W. Hughes, Bull. Am. Phys. Soc. 13, 633 (1968)

P. Pascual and E. de Rafael, Lett. Nuovo Cimento, IV, 1144 (1970)

V. W. Hughes, Physik 1973, Plenarvortrag Physikertagung 37th, p. 123, Physik Verlag,

Weinheim, Germany (1973)

P. G. Coleman and T. C. Griffith, J. Phys. B 6, 2155 (1973)

M. A. Stroscio and J. M. Holt, Phys. Rev. A 10, 749 (1974)

D. W. Gidley, K. A. Marko and A. Rich, Phys. R,ev. Lett. 36, 395 (1976)

D. W. Gidley, P. W. Zitzewitz, K. A. Marko, and A. Rich, Phys. Rev. Lett. 37, 729

(1976)

T. C. Griffith and G. R. Heyland, Nature 269, 109 (1977)

W. E. Caswell, G. P. Lepage, and J. Sapirstein, Phys. Rev. Lett. 38, 488 (1977)

123



124 BIBLIOGRAPHY

[19] K. F. Canter, B. 0. Clark and I. J. Rosenberg, Phys. Lett. A 65, 301 (1978)

[20] D. W. Gidley, A. Rich, P. W. Zitzewitz and D. A. L. Paul, Phys. Rev. Lett. 40, 737

(1978)

[21] D. W. Gidley and P. W. Zitzewitz, Phys. Lett. A 69, 97 (1978)

[22] T. C. Griffith, G. R. Heyland, K. S. Lines, and T. R. Twomey, J. Phys. B 11, L743

(1978)

[23] W. E. Caswell and G. P. Lepage, Phys. A 20, 36 (1979)

[24] D. W. Gidley, A. Rich, E. Sweetman and D. West, Phys. Rev. Lett. 49, 525 (1982)

[25] P. Hasbach, G. Hilkert, E. Klempt, and G. Worth, Nuovo Cimento A 97, 419 (1987)

[26] C. I. Westbrook, D. W. Gidley, R. S. Conti, and A. Rich, Phys. Rev. Lett. 58, 1328

(1987)

[27] C. I. Westbrook, D. W. Gidley, R. S. Conti, and A. Rich, Phys. Rev. A 40, 549 (1989)

[28] J. S. Nico, D. W. Gidley, A. Rich, and P. W. Zitzewitz, Phys. Rev. Lett. 65, 1344

(1990)

[29] S. Asai, S. Orito, and N. Shinohara, Phys. Lett. B 357, 475 (1995)

[30] G.S. Adkins, R.N. Fell, J.R. Sapirstein, Phys. Rev. Lett. 84, 5086 (2000)

[31] O. Jinnouchi, S. Asai, T. Kobayashi, hep-ex/0011011

[32] 11.S. Conti et al.,"The Hydrogen Atom: Precision Physics of Simple Atomic Systems",

Springer Verlag, p. 103 (2001)

[33] R. S. Vallery, D. W. Gidley and P. W. Zitzewitz, Phys. Rev. Lett. 90, 203402 (2003)

[34] O. Jinnouchi, S. Asai, T. Kobayashi, Int. J. Mod. Phys. A 19, 3927 (2004)

[35] G. S. Adkins, R. N. Fell and J. Sapirstein, Annals of Physics 295, 136 (2002)

[36] S. Karshenboim, Int. J. Mod. Phys. A 19, 3879 (2004)

[37] A. Czarnecki and S. Karshenboim, Moscow 1999, High energy physics and quantum

field theory, 538-544 (1999)

[38] P. Strange, "Relativistic Quantum Mechanics", p.223-225, Cambridge University
Press (1998)

[39] A. Czarnecki, K. Melnikov and A. Yelkhowsky, Phys. Rev. Lett. 83, 1135 (1999)

[40] A. H. Al-Ramadhan and D. W. Gidley, Phys. Rev. Lett, 72, 1632 (1994)



BIBLIOGRAPHY 125

[41

[42

[43;

[44

[45

[46

[47

[48;

[49

[50

[51

[52

[53;

[54

[55;

[56

57

[58

[59

[60

[61

[62;

[63

[64

G. S. Adkins and F. R. Brown, Phys. Rev. A 28, 1164 (1983)

IL von Bush et al., Phys. Lett. 325, 300 (1994)

G. S. Adkins, hep-ph/0506213.

J. Hill and G. P. Lepage, Phys. Rev. D 62, 111301(R) (2000)

B. A. Kniehl and A. A. Penin, Phys. Rev. Lett. 85, 1210 (2000)

K. Melnikov and A. Yelkhowsky, Phys. Rev. D 62, 116003 (2000)

P. Vetter and S. J. Freedman, Phys. Rev. A 66, 052505 (2002)

V. B. Beresetskii, E. M. Lifschitz, L. P. Pivateskii, "Relativistic Quantum Theory",

Volume 4, part 1, Pergamon Press Ltd., New York, p.312 (1971)

J. Govacrts and M. Van Caille, Phys. Lett. B 381, 451 (1996)

Proceedings on 7th International Conference on Positron and Positronium Chemistry,
Radiât. Phys. Chem. 68 (2003)

R. A. Fcrrell, Phys .Rev. 108, 167 (1957)

D. Dutta et al, J. Phys. Condens. Matter 14, 7539 (2002)

T. L. Dull et al., J. Phys. Chem. B 105, 4657 (2001)

J. N. Sun et al., Radiât. Phys. Chem. B 68, 345 (2003)

M. Kalimoto, T. Hyodo, T. B. Change, J. Phys. B 23, 589 (1990)

M. Senba, R.A. Dunlap, Nucl. Instr. Method B 143, 170 (1998)

N.Shinohara et al., physics/0011054

R. L. Klobuchar, P. J. Karol, J. Phys. Chem. 84, 483 (1980)

V. I. Goldanskii et al., Appl. Phys. 5, 379 (1975)

O. Halpern, Phys. Rev. 94 904 (1954)

A. Rubbia, Int. J. Mod. Phys. A 19
,
3769 (2004)

M. Felcini, S. N. Gninenko, A. Nyffeler, A. Rubbia (Eds.), "Proceedings of the Work¬

shop on Pcjsitronium Physics", Int. J. Mod. Phys. A 19
,
No. 23 (2004)

S. N. Gninenko, N. V. Krasnikov, A. Rubbia, Modern Phys. Lett. A 17
,
1713 (2002).

A. Rich, Rev. Mod. Phys. 53, 127 (1981)



126 BIBLIOGRAPHY

[65] T. Mitsui et al., Euro. Lett., 33, 111 (1996)

[66] S. Asai et al., Phys. Rev. Lett,, 66, 1240 (1991)

[67] M. Tsuchiaki et al., Phys. Lett. B 236, 81 (1990)

[68] S. N. Gninenko, Yu. M. Klubakov, A. A. Poblaguev, V. E. Postoev, Phys. Lett, B

237, 287 (1990)

[69] M. Skalsey and R. S. Conti, Phys. Rev. D 51, 6292 (1995)

[70] R, Eichler et al, Phys. Lett, B 175, 101 (1985)

[71] D. W. Gidley, J. S. Nico, M. Skalsey, Phys. Rev. Lett, 66, 1302 (1991)

[72] Yang et al, Phys. Rev. A 54, 1952 (1996)

[73] A. Badertscher et al., Phys.Lett, B 452, 29 (2002); P. Crivelli, Can. J. Phys. 80, 1281

(2002)

[74] M. 1. Dobroliubov, S. N. Gninenko, A. Yu. Ignatiev, V. A. Matveev, Int. J. Mod.

Phys. A 8, 2859 (1993)

[75] M. Skalsey, Mater. Sei. Forum 209, 255 (1997), Trans Tech Publications, Switzerland.

[76] P. A. Vetter, Mod. Phys. Lett. A 19 871 (2004), Int. J. Mod. Phys. A 19, 3865 (2004)

[77] U. Amaldi, G. Carboni, B. Jonson, and J. Thun, Phys. Lett. B 153, 444 (1985)

[78] M. V. Akopyan et al., Phys. Lett, B 272, 443 (1991)

[79] S. Asai et, al., Phys. Lett, B 323, 90 (1994)

[80] S. Asai et al., Phys. Rev. Lett, 66, 1298 (1991)

[81] G. S. Ayotan, S. N. Gninenko, V. I. R,atzin and Yu. V. Rubakov, Phys.Lett., B 220,

(1989)

[82] T. Mitsui, R. Fujimoto, Y. Jshisaki, Y. Ueda, Y. Yamazaki, S. Asai and S. Orito,

Phys. Rev. Lett. 70, 2265 (1993)

[83] S. N. Gninenko, Phys. Lett, B 326, 317 (1994)

[84] L. Randall, R. Sundruin, Phys. Rev. Lett, 83 3370 (1990); Phys. Rev. Lett, 83, 4690

(1990)

[85] V. A. Rubakov, Phys. Usp. 44, 871 (2001); Usp. Fiz. Nauk 171, 913 (2001)

[86] G.F. Guidice, R. Rattazzi, J.D. Wells, Nucl. Phys. B 544, 3 (1999);
Nucl. Phys. B 595, 250 (2001)



BIBLIOGRAPHY 127

[87] S. L. Dubovsky, V. A. Rubakov and P. G. Tinyakov, JHEP 0008, 041 (2000)

[88] S.L. Dubovsky, V.A. Rubakov, P.G. Tinyakov, Phys. Rev. D 62 (105011); hep-

th/0006046

[89] S. N. Gninenko, N. V. Krasnikov, A. Rubbia, Phys.Rcv. D 67, 075012 (2003)

[90] B. Holdom, Phys. Lett. B 166, 196 (1986)

[91] S. L.Glashow, Phys. Rev. Lett. 167, 35 (1986)

[92] R. Foot and S. N. Gninenko, Phys. Rev. Lett. B 480, 171 (2000)

[93] M. I. Dobroliubov, A. Yu. Ignatiev, Phys. Rev. Lett, 65, 679 (1990)

[94] A. A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998)

[95] S. Davidson et al, JHEP(2000)()03

[96] S. N. Gninenko, N. V. Krasnikov, Phys. Lett, B 513, 119 (2001)

[97] E. D. Carlson, Nucl. Phys. B 286, 378 (1987);
M. I. Dobroliubov, A.Yu.Ignatiev, Nucl Phys. B 309, 655 (1988);
M. I. Dobroliubov, Yacl Phys. 52, 551 (1990); Sov. J. Nucl Phys. 52, 352 (1990);
S. N. Gninenko, N.V.Krasnikov, Phys. Lett. B 427, 307 (1998);
S. N. Gninenko, N.V.Krasnikov, Phys. Lett. B 434, 163 (1998)

98] Z.Berezhiani, Int. J. Mod. Phys. A 19, 3775 (2004)

99] T. D. Lee, C. N. Yang, Phys. R.ev. 104, 256 (1956)

100] L. D. Landau, JETP 32, 405 (1957)

101] A. Salain, Nuovo Cim. 5, 299 (1957)

102] I. Kobzarev, L. Okun, I. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966)

103] S. L. Dubovsky and S. M. Sibiryakov, Nucl. Phys.B691, 91 (2004)

104] R. Foot, H. Lew, R. R. Volkas, Phys. Lett, B 272, 67 (1991)

105] Z. Berezhiani, R. Mohapatra, Phys. Rev. D 62, 6607 (1995),
S E. Akhinedov, Z. Berezhiani and G. Senjanovic, Phys. Rev. Lett. 69, 3013 (1992);
Z. Berezhiani, A. Dolgov and R.N. Mohapatra, Phys. Lett, B 375, 26 (1996); Z.

Berezhiani, Acta Phys. Pol B 27, 1503 (1996)

[106] V. A. Kuzmin, JETP Lett, 13, 335 (1970); K.G. Chetyrkin et al, Phys. Lett, B 99,

358 (1981)



128 BIBLIOGRAPHY

[107

[108

[109

[110

[111

[112

[113

[114

[115

[116

[117

[118

[119

[120

[121

[122

[123

[124

[125

[126

[127

[128

[129

G. Feinberg, S. Weinberg, Phys. Rev. 123, 1439 (1961)

R. Foot, Acta Phys. Polon. B 32, 2253 (2001)

R. Foot, Int. J. Mod. Phys. D 13, 2161 (2004)

R,. Bernabei et al (DAMA Collaboration), Riv. Nuovo Cimento. 26, 1 (2003); astro-

ph/0307403 and references there-in.

G. Angloher et al (CRESST Collaboration), Astroparticle Phys. 18, 43 (2002)

E. W. Kolb, R. N. Mohapatra, V. L. Tepliz, Phys. Rev. Lett. 77, 3066 (1996)

R. Foot, A. Yu. Ignatev, R. R. Volkas, Phys. Lett, B 503, 355 (2001)

E. D. Carlson, S.L. Glashow, Phys. Lett. B 193, 168 (1987)

V. Berezinsky, M. Narayan, F. Vissani, Nucl. Phys. B, 658, 254 (2003)

R. Barbieri et al, hep-ph/0509242

Z. Berezhiani and L. Bento, hep-ph/0507031

R. Escribano, E. Masso, R. Toldra, Phys. Lett, B 356, 313 (1995)

M. Charlton, Rep. Prog. Phys, 48, 737 (1985)

Review of Particle Physics, Phys. Lett, B 592 (2004)

U. Gendotti, "Pileup study and optimisation of the algorithm summation", Semester

work, ETHZ Switzerland, April (2004)

H. Primakoff and F. T. Porter, Phys. Rev. 89, 930 (1953)

A. P. Hitchkoch and C. E. Brion, J. Phys. B: At. Mol Phys. 13, 3269 (1980)

R. L. Intermann, Phys. Rev. 188, 1543 (1969)

J. Law and J. L. Campbell, Nucl. Phys. A 199, 481 (1973)

R. L. Intermann, Nucl. Phys. A 219, 20 (1974)

H. Grassman et al, Nucl. Instr. Method A 228, 323 (1985); Nucl. Instr. Method A

235, 319 (1985)

G. F. Knoll, "Radiation Detection and Measurement", John Wiley and Sons, Inc.,

New York, third edition (2000)

A. P. Mills, Phys. Rev. Lett 46, 717 (1981)



BIBLIOGRAPHY 129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

W. Brandt, R. Paulin, Phys. Rev. Lett 4, 193 (1968)

S. Baccaro et al, Nucl Instr. Method A 385, 69 (1997)

R. Dossi et al, Nucl.Instr. and Meth. A 451, 623 (2000)

S. Van Petegem et al, Phys. Rev. B 70, 115410 (2004)

M. Sauter, "Temperature dependence of BGO crystals", Semester work, ETHZ

Switzerland, May (2004)

R. K. Bock and A. Vasilescu., "The Particle Detector BriefBook", available online:

http://rkb.home.cern.ch/rkb/titleD.html

R. Eichler et al, Nucl Instr. Method 163, 203 (1979)

M. Sauter, "Investigation of background in an experiment to search for the invisible

decay of orthopositronium", Diploma work, ETHZ Switzerland, August (2005)

U. Gendotti, "Study of scintillating fibers for tagging of positrons", Semester work,

ETHZ Switzerland, March (2003)

H. Ray, R. Van der Water, P. Vetter, http://home.fnal.gov/ bray/

W. Kunze, W. D. Schmidt-Ott and H. Behrens, Z. Phys. A 337, 169 (1990)

R. N. Mohapatra and P. B. Pal, "MAssive Neutrinos in Physics and Astrophysics",

World Scientific, Singapore (1991)

R. Schwienhorst et al, Phys.Lett, B 513, 23 (2001)

H. Iijima et al, Nucl Instr. Method A 483, 641 (2002)

M. Tashiro et al, Rad. Phys. Chem. 60, 529 (2001)

S. Gninenko, Int. J. Mod. Phys. A 19, 3939 (2004)

S. Karshenboim, Int. J. Mod. Phys. A 19, 3879 (2004)

N. V. Krasnikov, Int. J. Mod. Phys. A 19, 3849 (2004)

M. Felcini, Int. J. Mod. Phys. A 19, 3769 (2004)

S. Lavignac, hep-ph/0312309

N. Alberola et al, Nucl. Instr. Method A 560 224 (2006)



130 BIBLIOGRAPHY

S« "**.

-**

1 \ ^ >j wi



Curriculum Vitae

Personal Data

Full Name Paolo Crivelli

Date of Birth April 29, 1976

Place of Birth Sorengo (Switzerland)
Nationality Swiss, citizen of Novazzano (TI)

Education

January 2002-March 2006:

October 1995-August 2001:

September 1991-June 1995:

Doctor of natural sciences,

ETH Zurich, Switzerland

Diploma in Physics, ETH Zurich,
Switzerland

High school, Liceo Lugano 2 (TI),
Switzerland

131


