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ABSTRACT

RECONSTRUCTION OF NEUTRAL PIONS
FROM PHOTON CONVERSIONS

ARSLAN, Mehmet
M.Sc. in Physics Eng.
Supervisor: Prof. Dr. Ayda BEDDALL
September 2014
28 page

In this study, the low energetic photon conversion process in the ATLAS detector
has been discussed. The conversion candidates selected from minimum bias events
at+/s = 8 TeV are used to reconstruct 7° particles built from two-photon invariant
mass distribution. A clear 7° peak is obtained and fitted to Gaussian function. The
results reveal that purity of the 7° signal depends strongly on the 2 value of the
ete™ pairs. It is also found that the optimal mass window cut for selecting m°

candidates is around 420 around the ° peak.

Key Words: photon conversion, ATLAS, reconstruction of r°.



OZET

FOTON DONUSUMLERINDEN
YUKSUZ PiYONLARIN ELDE EDILMESI

ARSLAN, Mehmet
Yiiksek Lisans Tezi, Fizik Miih. Boliimii
Tez Yoneticisi: Prof. Dr. Ayda BEDDALL
Eyliil 2014
28 sayfa

Bu calismada, ATLAS dedektoriindeki diisiik enerjili foton doniisiim stirecleri
tartisildi. 8 TeV minimum meyil verilerinden secilen foton doniisiim adaylari iki
foton degismez kiitle dagalimindan m° pargaciklarmi olusturmak icin kullanildi.
Temiz n° tepe noktasi elde edildi ve Gauss fonsiyonuna uyduruldu. Sonuglar 7°
sinyalinin safligmin kuvvetli bir sekilde e*e™ ¢iftlerinin y? degerine bagh oldugunu
ve 19 adaylarmi segmek igin en uygun kiitle segim penceresinin % tepe noktasinin

+20 etrafinda oldugunu ortaya ¢ikarmistir.

Anahtar Kelimeler: foton déniisiimii, ATLAS, ° elde edilmesi.
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CHAPTER 1
INTRODUCTION

The Large Hadron Collider (LHC) at CERN is the largest and most powerful particle
accelerator in the world [1]. The ATLAS (A Toroidal LHC ApparatuS) [2] is a
general purpose detector which has been built for observation proton-proton (p-p)
and heavy ion-heavy ion (A-A) collisions. High energy proton-proton collisions at
LHC can produce in events that contain high multiplicity of hadronic and leptonic
particles. In addition, there are many photons in the list of final state particles in
ATLAS detector. High-energy photons pass through the ATLAS Inner Detector and
deposit their energy in the ATLAS Calorimeter. The low-energy photons convert
into electron-positron (e*e™) pairs in the ATLAS Inner detector and conversions are

recognized from their secondary vertices.

In this study, photon conversions are reconstructed in the inner detector (the Pixel
detector, SCT detector, and TRT detector) and neutral pion (r°) candidates are also
reconstructed from conversions. Some cuts are developed to optimally select
conversions, and the neutral pion signals are observed by maximizing

purityxefficiency.

Chapter 2 describes general information about the experimental apparatus; the LHC
[3] and the ATLAS detector. In Chapter 3, by using ATLAS full simulation and real
data [4, 5], the optimal selection of the photon conversion candidates that contain
both signals and backgrounds are given. And also how to extract the neutral pion
signals from these conversion candidates are given. Finally, a conclusion of the

thesis is given in Chapter 4.



CHAPTER 2
THE LHC AND THE ATLAS DETECTOR
2.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [3] at CERN is 27 km ring which provide 14 TeV
proton-proton collisions at design luminosity of 10** cm™s™. Inside the LHC, 2808
bunches of up to 10** protons are collide 40 million times per second. Heavy ions are
also collide inside the LHC ring, in particular lead nuclei, a center of mass energy of

5.5 TeV per nucleon pair, at a design luminosity of 10’ cm?s™.

2.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) [2] is a general purpose detector which
have been built for observation p-p and A-A collisions. The ATLAS is 44m in
length, 25m in height, and the weight of the detector is approximately 7000 tones.

Presented here is a summary of the main features of the apparatus, more detailed

accounts can be found elsewhere [2, 3].



CHAPTER 3

RECONSTRUCTION OF NEUTRAL PIONS FROM PHOTON
CONVERSIONS

In proton-proton collision at LHC many photons occur as a final state particle in the
ATLAS detector. The high energetic photons pass through the ATLAS Inner detector
and deposit their energies in the ATLAS Calorimeter. Overall about 50 % of photons
are converted into an electron-positron (e*e~) pair before reaching calorimeter as
illustrated in Figure 3.1 (a), and the Figure 3.1 (b) shows us the photon conversion

and tracks of the electron-positron pair in the ATLAS inner detector.

JO fun Number: 191190, Event Number: 1944837

Date: 2011-10-16 16:11:14 CEST

Probability of conversion

» 11 ‘ I ‘ [ ‘ I ‘ I ‘ 11 I:; 2 X
00 200 400 600 800 1000 12000

(a) Radius (mm) (b)

Figure 3.1. (a) Probability for a photon to have converted as a function of radius for
different values of ||, shown for photons with pr > 1 GeV in minimum-bias events.
The probability is not a strong function of the photon energy [6]. (b) The photon
conversion and the tracks of the electron-positron pair in the ATLAS inner detector.

In this study, low pt photons are reconstructed from electron-positron pairs and

neutral pions are reconstructed from photon conversions in minimum-bias events.



3.1 A Photon Conversion

When a photon passes near a heavy nucleus, it disintegrates and produces electron-
positron (e* €) pairs, which is called a photon conversion. Electron and positron

always move in different directions so that the momentum is conserved, Figure 3.2.

Heawy nucleus O
w

Incident phaton

Figure 3.2. Schematic diagram of a photon conversion.

Since the momentum and energy cannot be conserved simultaneously, a photon
conversion does not occur in vacuum (free space). Minimum required energy for this

process is described below mathematically.
Conservation of momentum:

where P, is the momentum of incident photon, Py is the momentum of a heavy

nucleus, and E,, is the energy of incident photon.

Conservation of energy:

E, + myc* = ’m,z\,c4 + P2c2 + 2m,c? (3.2)

where my is the mass of a heavy nucleus, m, = 0.511 MeV /c? is the mass of

electron.



Substituting from the equation (3.1):

E, + myc® = /m,z\,c4 + E2 + 2m,c? (3.3)

Then, we can solve the equation (3.3) for E,

E = Zme(l_me/mN)
v (1_2me/mN)

(3.4)

m
Here, my >» m,, so — = 0:
my

E, = 2m, (3.5)

Finally, we found that the minimum incident photon energy required to produce
ete™ pair is:

E, = 1.022 MeV /c? (3.6)
3.1.1. Cross Section
For photon energies of 1 GeV and above the cross section for the conversion process

[6] is almost completely independent of the energy of the incident photon, and may

be given by the following equation:

_ 74
"~ 9X,N,

o (3.7)

where A is the atomic mass of target, and N, = 6.022 X 1023 is Avogadro’s number,
X, is the radiation length* of the material through which the photon pasess, and the

radiation length is calculated approximately by the following analytical formula [7]:

_ 7164 A 5

Xy = gcm™
’ Z(Z+1)ln(%) (3.8)

The amount of material in the ATLAS Inner Detector given in the radiation length

and the interaction length as a function of pseudorapidity, can be seen in Figure 3.3.

5

* This radiation length is defined such that it is 7/9 of the mean free path for photon conversion.
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Figure 3.3. Material distribution in ATLAS as a function of pseudorapidity [2].

The differential cross section for photon conversions of energies of 1 GeV and above

in terms of the quantity x = (E¢jectron/Epnoton) IS:

do A 1 4 1 3.9
E_XONA( —3x(1=x) (3.9)

This cross section is symmetric in x and 1 — x, the electron and positron energies, it

implies that the momentum of the photon is not simply shared equally between the
electron and the positron.

The probability density function for the energy of electron (or positron) can be found
as follows. One can define a function:

_do A 4 310
f(x)—a—XONA<1—§x(1—x)>,x € (0,1) (3.10)
Integral of f(x) yields:
Jlf(x)dx— Jl 4 1—£x(1—x) dx = 74 (3.12)
0 - o XoNa 3 "~ 9X,N, '

Finally, the probability density function P(x) is defined as:

poy = @

= o (3.12)



Substituting (3.10) and (3.11) into (3.12) result in:

9 4
P(x) = = (1 - §x(1 - x)) (3.13)
So that:
L L9/ 4
fo P(x)dx = fo ;(1 — §x(1 — x)) dx =1 (3.14)

The graph of the equation (3.13), x takes on a value in the interval [0, 1], are shown

in Figure 3.4.

P(x)

o
/I T
N

N S

0.8F

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1

Figure 3.4. The graph of the probability density function for electron.

The graph is same for an electron and positron because of the cross-section is
symmetric in x and 1 — x. This graph shows us either the electron or the positron

may be produced with a very low energy.

This is the simple way to calculate the cross-section of photon conversion. However,
there is a more sophisticated method for a computation of cross-section. The ATLAS
detector simulation program, GEANT4 (GEometry ANd Tracking) [4] uses the

following method for calculating the total cross-section.

7



In the GEANT4, the total cross-section [8] per atom for the photon conversion into

an (e*e™) pair has been parameterized as

F3(X)
7|

o(Z,E,)=2(Z+1) |F,(X)+F,(X) Z + (3.15)

where E, is the incident photon energy and X = In(E, /m.c?). The functions F, are

given by

Fi(X) = ag + a;X + a,X? + azX® + a, X* + agX® (3.16)

Fz(X) == bO + b1X + bzXZ + b3X3 + b4,X4 + b5X5

F3(X) = CO +C1X+ C2X2 +C3X3 +C4X4 +C5X5

with the parameters a;, b;, c; taken from a least-squares fit to the data [9]. Their
values can be found in the function which computes the formula (3.15). This
parameterization describes the data in the range 1<Z <100 andE, €

[1.5 MeV, 100 GeV].

The accuracy of the fit was estimated to be %‘7 < 5% with a mean value of = 22%.

Above 100 GeV the cross section is constant. Below E;,, = 1.5 MeV the

extrapolation

— 2 \?
E —2m,c ) (3.17)

Epw — 2m,c?

o(E) = U(Elow)<

is used.

In a given material the mean free path, A, for a photon to convert into an (e*e™) pair

is

l

A(EV) = <Z natiU(ZiEy)> (3.18)

where ng,; is the number of atoms per volume of the it" element of the material.

8



3.2. Photon Conversions and 7t® Reconstruction in ATLAS

In the ATLAS detector, the reconstruction of photon conversions is important to
understand different physics measurements which involve electromagnetic decay
product. In addition, photons are the final state product of many particles such as a
neutral pion (°), eta (n°), e.t.c., and Higgs boson. Also we can use conversion
vertices for mapping a localization of material in the ATLAS tracker. Actually, the
ATLAS detector cannot detect photons directly. We can only observe photons after
they interact with matter and also deposit their energies in the calorimeter of the
ATLAS system.

In this study, the photon conversion process is used for detecting photons. Many
photon convert into (e*e™) pairs in the ATLAS tracker, and these conversions are
recognized from secondary vertices containing two tracks. Some parameters of these
tracks are recorded by the detector such as q/p, x? (which comes from track and
vertex fitting algorithm), n, ¢ and the production point of conversion in X-y-z
direction. But, some decays are similar to the photon conversion, for example neutral
short-lived kaon (K?) decay into two opposite charged pion, these decays are also
recorded to the ATLAS conversion data, so the ATLAS data contains conversion
candidates that contain both conversions (signal) and background. Therefore, it is

required to develop some cuts for optimal selection of photon conversions.

The ATLAS full Monte Carlo (MC) simulation can be used to optimize cuts for
selection of true conversions. This MC data contains both generator level and
reconstructed level events. In the generator level we know all particles and decays
because the particle generator program produce particles and decays and saves these
events into the data files in this level. Reconstructed level is the event simulation of
the ATLAS detector for these events. By matching truth and reconstructed events,
one can find the true photon conversions to define signal properties and optimal
selection cuts. The results from MC studies can be used in real data to select the real

photon conversions.

The MC data includes about one million minimum bias events, with /s = 8 TeV.
The data files have four containers, which are Tracks, CaloClusters, Conversions,
MonteCarlos. Each container contains four-vectors and associated properties for the

particles.



Note that some fraction of photon conversions will be highly asymmetric, and either
the electron or the positron may be produced with a very low energy. If this energy
falls below the threshold required to produce a reconstructable track in ATLAS
tracker, then the converted photon will be seen to have only one track called single

conversion and will be difficult to distinguish from a single electron or positron.

Table 3.1 shows number of generated photons versus single or double converted
photons and number of photons reached to calorimeter. In this study we will only

consider double conversions.

Table 3.1: Number of generated photons and photon conversions in ATLAS. 20%
of photons converted into ete~ pairs but 9,122,610 photon conversions cannot
detect in the ATLAS detector.

Number of Number of double | Number of single | Number of photons
generated photons conversion conversion in ECAL
60,769,508 278,655 2,859,665 48,508,578

For matching truth and reconstructed conversions, azimuthal angle (@),
pseudorapidity (n) and energy (E) parameters are used. Photons are collected from
electron-positron pairs in the reconstructed level. Then, these reconstructed level
photons are matched to the generator level conversions by using AR (pseudorapidity-

azimuthal angle space) values and AE (energy difference) values. AR is defined as

AR = Jm Here An is the pseudorapity (n) differences between the
reconstructed level and the generator level photons, and A@ is the azimuthal angle
(@) differences between the reconstructed level and the generator level photons. The
energy difference (AE) is defined as AE = |Eyec — Egen|/Egen- A plot of AR vs AE
is shown in Figure 3.5 for the signal candidates. Signal tends to have small AR
and AE values. The yellow line is used for discriminating signals from backgrounds.
If AR and AE values of a reconstructed particle is below this line one can assume that
it is a signal and background otherwise. After selecting signal candidates, it is

straight forward to investigate signal and background properties.

10




Figure 3.5. AR vs AE distribution for matching. All candidates below the yellow line

can be assumed to be a signal.

Figure 3.6 shows the y? distribution of signals and backgrounds. Again signals tend
to have lower y? values while backgrounds extend up to relatively larger values.

Basically a cut can be applied to discriminate signals from backgrounds.
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Figure 3.6. The y? distributions for conversion signals and backgrounds.
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We may look at conversion radius defined asr =./x2 +y2, for finding the
difference between the signals and backgrounds. But the distributions are nearly the
same for signal and background, as shown in Figure 3.7. Many candidates decay into
oppositely charged pairs in the detector modules. Only we can eliminate the
conversion candidates inside the beampipe, because photon conversions occur when
photons interact with the matter*. In addition, the graphs of 2-dimensional (x-y

directions) conversion points of signal and background are shown in Figure 3.8.

Conv_Radius

" h3
2160~ 1 — signal Enties 4130
E — Mean 87.1
w 140 o — background AMS 46,35
L Underflow 0
- Overflow 19
120—
100~
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20
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0 50 100 150 200 250 300

rf[mm]
Figure 3.7. Conversion radius distributions of the signal and background.
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Figure 3.8. Conversion points of the signal and background in x-y plane.
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* The inside of the beampipe is a vacuum, so photon conversions cannot occur in the vacuum because
of the conservation of momentum.




Figure 3.9 shows production points of photon conversions in ATLAS detector. The
parts of the Inner detector are seen very clearly. This can be used for the localization
of inner detector parts. Figure 3.10 shows us the inner part of the Inner detector in
detail.

Conversions
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o
o
o

12000

500 10000
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Figure 3.9. Production points of conversions in the range -1200 to 1200 mm.
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Figure 3.10. Inner part of the ID in the range -150 to 150 mm. Three layers of the
pixel detector, the cooling pipe of layers and the beampipe are seen clearly.
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Another discrimination parameter is the invariant mass of the conversion candidates.

The invariant mass, m (e*, e™), of the photon is calculated from:
m?(e*,e”) = E; — P}

— —\2
= (Ee+ + Ee‘)z - (Pe+ + Pe—) (3.19)

where E2 = PZ + mZ with m, = 0.511 MeV/c? for the electron and positron, P+
are the measured momentum vectors, and E_+ are the calculated particle energies.
Electron mass is given to the all candidates, when calculating the invariant mass of
the converted particles. The Figure 3.11 shows us the invariant mass of signals and
backgrounds. The invariant mass of the signals are less than 1.5 MeV/c? but the
invariant mass distribution of the background is up to 2.5 MeV/c?. (The tail of the
invariant mass distribution of the signal is shorter than the invariant mass distribution

of the background). Therefore, this difference can be used for the elimination of the

backgrounds.
minvr
h1
%) -
g 1 ey signal Entries 4130
e L Mean 1.06
W2500|— —background || oo ) ease
= Underflow 0
: Overflow 0
2000—
1500/~
1000]
500
0_||\|\\||| N
0 0.5 1 1.5 2 25
mass[MeV/c?]

Figure 3.11. Invariant mass distributions of the signal and background.

Neutral pions decay to two photons (° — yy) with a branching ratio of 98.798% +
0.032% [10]. For this analysis, photons are reconstructed from double conversions
where both photons are converted in the ATLAS inner detector. The applied cuts to
the photon conversions are listed in the Table 3.2.

14



Table 3.2: The applied cuts to photon conversions for recontruction of neutral pions.

Parameters Selected Range
Conversion Radius r > 30 mm
Invariant mass m < 1.5 MeV/c?
Chi2 x> <10
Energy E > 1000 MeV
Pseudorapidity In| <25

Then these photons are used for reconstruction of neutral pions. Invariant mass

spectra are formed using the equation*
M2 = 2E1E2(1 — COS 012) (320)

where M is the invariant mass of the reconstructed photons, E; and E, are energies of

photons, and 6, is the angle between two photons [11].

Figure 3.12-21 show the two photon invariant mass distributions, where both photons
are converted in the inner detector, as a function of y2 values. Clear w° signal are
observed for lower y2 values. While ° signal significance is dropping as y? gets

larger.

Each distribution is fitted to a Gaussian (for signal) plus a cubic polynomial (for
background) functions. Using real data fit results, one can define efficiency and

purity [11] as follows.

S

e=3 (3.21)
S

=51 (3.22)

where

S is the number of signals in the given mass range.

S, is the number of signals in the mass range [0, 300 MeV].
B is the number of backgrounds in the given mass range.

E, P and € x P plots as a function of mass width (o) defined by + ko from the peak

value where k is the integer from 1 to 5 is shown in Figure 3.22.
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* The derivation can be found in Appendix A.
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Figure 3.12. Two photon invariant mass distribution for y? < 1.
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Figure 3.13. Two photon invariant mass distribution for y? < 2.
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Figure 3.14. Two photon invariant mass distribution for y? < 3.
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Figure 3.15. Two photon invariant mass distribution for y? < 4.
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Figure 3.16. Two photon invariant mass distribution for y? < 5.
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Figure 3.17. Two photon invariant mass distribution for y? < 6.
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Figure 3.18. Two photon invariant mass distribution for y? < 7.
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Figure 3.19. Two photon invariant mass distribution for y? < 8.
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Figure 3.20. Two photon invariant mass distribution for y? < 9.
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Figure 3.21. Two photon invariant mass distribution for y? < 10.
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Table 3.3: Detailed statistical results for Figure 3.22.

xi| o So S B P & EXP S/B
1 1492 1018 513 0.6648 | 0.6826 | 0.4538 | 1.9838
2 1492 1424 1059 0.5735 | 0.9545 | 0.5474 | 1.3448
1] 3 1492 1488 1668 0.4714 | 0.9973 | 0.4701 | 0.8917
4 1492 1492 2374 0.3858 | 0.9999 | 0.3858 | 0.6283
5 1492 1492 3208 0.3174 | 0.9999 | 0.3174 | 0.4650
1 3027 2066 1303 0.6132 | 0.6826 | 0.4186 | 1.5854
2 3027 2889 2650 0.5215 | 0.9545 | 0.4978 | 1.0901
2 |3 3027 3018 4084 0.4250 | 0.9973 | 0.4238 | 0.7392
4 3027 3026 5647 0.3489 | 0.9999 | 0.3489 | 0.5359
5 3027 3027 7385 0.2907 | 0.9999 | 0.2907 | 0.4098
1 3614 2467 2823 0.4664 | 0.6826 | 0.3184 | 0.8741
2 3614 3450 5712 0.3765 | 0.9545 | 0.3594 | 0.6039
313 3614 3605 8736 0.2921 | 0.9973 | 0.2913 | 0.4126
4 3614 3614 11960 0.2320 | 0.9999 | 0.2320 | 0.3022
5 3614 3614 15452 0.1895 | 0.9999 | 0.1895 | 0.2339
1 3988 2723 4383 0.3832 | 0.6826 | 0.2616 | 0.6212
2 3988 3807 8846 0.3008 | 0.9545 | 0.2871 | 0.4303
4 |3 3988 3978 13471 0.2279 | 0.9973 | 0.2273 | 0.2952
4 3988 3988 18338 0.1786 | 0.9999 | 0.1786 | 0.2174
5 3988 3988 23528 0.1449 | 0.9999 | 0.1449 | 0.1695
1 4446 3035 7240 0.2954 | 0.6826 | 0.2016 | 0.4192
2 4446 4244 14610 0.2251 | 0.9545 | 0.2148 | 0.2905
513 4446 4434 22239 0.1662 | 0.9973 | 0.1658 | 0.1994
4 4446 4446 30256 0.1281 | 0.9999 | 0.1281 | 0.1469
5 4446 4446 38791 0.1028 | 0.9999 | 0.1028 | 0.1146
1 6207 4237 11232 0.2739 | 0.6826 | 0.1870 | 0.3772
2 6207 5925 22705 0.2069 | 0.9545 | 0.1975 | 0.2609
6|3 6207 6190 34658 0.1515 | 0.9973 | 0.1511 | 0.1786
4 6207 6207 47332 0.1159 | 0.9999 | 0.1159 | 0.1311
5 6207 6207 60966 0.0924 | 0.9999 | 0.0924 | 0.1018
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1 5155 3519 13944 | 0.2015 | 0.6826 | 0.1375 | 0.2523
2 5155 4920 28075 | 0.1491 | 0.9545 | 0.1423 | 0.1752
713 5155 5141 42575 | 0.1077 | 0.9973 | 0.1074 | 0.1207
4 5155 5155 57631 | 0.0821 | 0.9999 | 0.0821 | 0.0894
5 5155 5155 73428 | 0.0656 | 0.9999 | 0.0656 | 0.0702
1 6149 4197 18859 | 0.1820 | 0.6826 | 0.1242 | 0.2225
2 6149 5869 37968 | 0.1338 | 0.9545 | 0.1277 | 0.1545
8 | 3 6149 6132 57575 | 0.0962 | 0.9973 | 0.0960 | 0.1065
4 6149 6148 77929 | 0.0731 | 0.9999 | 0.0731 | 0.0789
5 6149 6149 99279 | 0.0583 | 0.9999 | 0.0583 | 0.0619
1 5043 3443 18368 | 0.1578 | 0.6826 | 0.1077 | 0.1874
2 5043 4813 36834 | 0.1155 | 0.9545 | 0.1103 | 0.1306
9|3 5043 5029 55495 | 0.0831 | 0.9973 | 0.0828 | 0.0906
4 5043 5043 74451 | 0.0634 | 0.9999 | 0.0634 | 0.0677
5 5043 5043 93798 | 0.0510 | 0.9999 | 0.0510 | 0.0537
1 5494 3750 22664 | 0.1419 | 0.6826 | 0.0969 | 0.1654
2 5494 5244 45424 | 0.1035 | 0.9545 | 0.0987 | 0.1154
10| 3 5494 5479 68376 | 0.0741 | 0.9973 | 0.0739 | 0.0801
4 5494 5493 91617 | 0.0565 | 0.9999 | 0.0565 | 0.0599
5 5494 5494 115242 | 0.0455 | 0.9999 | 0.0455 | 0.0476
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CHAPTER 4
CONCLUSION

ATLAS is the largest particle detector constructed at LHC to measure a broad
spectrum of momenta and energies of particles. Even though ATLAS is designed to
reconstruct highly massive and energetic particles, is also allows us to reconstruct

light particles.

In this study, the low energetic photon conversion process in ATLAS has been
discussed. The conversion candidates are selected from minimum bias events
at+/s = 8 TeV. The Monte Carlo data is used to find differences between signals
(conversions) and backgrounds. Some parameters of signals are compared with
backgrounds, and some cuts (y2, invariant mass, etc.) are found to eliminate
backgrounds. Then these cuts are applied to the real data. Photons are reconstructed
from ete™ pairs, and then these photons are used to reconstruct 7° particles built
from two-photon invariant mass distribution. A =° signal is obtained and fitted with
Gaussian function together with a background third-order polynomial function. The
purity and efficiency are defined for distributions. The results reveal that the purity

of the ° signal depends strongly on the y? value of the e*e™ pairs. Also when we
take the & x P value into account, the optimal mass window cut for selecting r°

candidates is found to be +2¢ around the 7° peak.

The same procedure can be applied to n — yy decays. However this study requires

more statistics.
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APPENDIX A
® FORMULAE
A.1 Two-Photon Invariant Mass Formula

Consider the decay process of the neutral pion, 7° — y; + y,. Using natural units,

the invariant mass of the photon pairs can be calculated from:

MZ — EZ + pZ
= (Ey + E3)* — (p1 + p2)?
= (E1 4 E2)? — (Dx, + Px,)* — (Py, + Py,)? — (02, + P2,)? (A.1)

where E; and E, are the energies of photons that can be found by:
E} =p{ + mg- (A2)

Here i = 1,2 and pf = pZ, + p3, + D%, - Pxy,, IS the momentum components of sum
of the photons. m,, is assumed to be the mass of the photon, thus m,, = 0. For the 7°

we can perform reconstruction from two photons. From the conservation of

momentum:
Pro =D =P1 =D3 (A3)

Now we can find p? via A.3 and definition of dot product of two vectors:

PP =p*=pi+p5+2pip,cosby, (A.4)

where 6, is the angle between two photons. y; and y, are assigned to zero mass, so

E = p. Thus Equation A.4 becomes:
p? = E? + E2 + 2E,E, cos 04, (A.5)
If we substitute the final result of p? into Equation A.1, then:
M? = 2E,E,(1 — cos 6;5) (A.6)

We obtain measurements of E;, E, and 6;, from the electromagnetic calorimeter.
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A.2 ® Mass Resolution Formula

Mass resolution formula can be derived directly from the invariant mass relation.
Equation A.6 can be re-arranged as follows:

M = \J2E,E,(1 — cos 0;,) (A7)
If we assume that E;, E, and 6;, are independent variables, then statistically the
mass resolution o, can be found from:

oM oM oM
oM = 35, OE ® £, OE2 D5 0, 2612

_ (aM)Z , +(6M)2 , +(6M)2 ,
- J\oE,) %5 \aE,) 75T \Ge,,) %6

(A8)
where the square of partial derivatives are:
(aM)Z 3 ( 2E,(1 — cos0;5) )2 _ E;(1—cosfyy)
0E, 2./2E,E,(1 — cos 6;,) 2E;
((m)z ~ ( 2E,(1 — cos 65,) )2 _ E;(1— cos ;)
0E; 2,/2E,E,(1 — cos 6;,) 2E,
((’)M )2 ~ ( 2E,E, sin 6y, )2 _ EE,sin? 6y,
001, 2,/2E E,(1 — cos 6y3) 2(1 — cos 813) (A.9)
One can set up the ratio o), /M, after substituting Equations A.9 into A.8.
ow _ |9, + Of, 04, sin?6,
M 4EZ  4EZ? 4 (1 —cos0;,)?
2 2 2
— 1 UEl + ﬁ + #
2 JEZ " EZ " tan?(6,,/2)
1 Of (0))
[ OO ——
~2 E, 7 E, tan(912/2) (A.10)
The trigonometric expression in Equation A.10 can be transformed as follows:
sin?f;,  1—cos®6;; (1 —cosf;,)(1+cosb;;) 1+ cosby,

(1—--cosb;,)2 (1 —cosb;5)?2 (1—cosby,)(1—cosby,) 1—cosb,
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Using half-angle formula, cos B = cos?(8/2) — sin?(f/2), we can write:

1+cosb;; 1+cos?(612/2) —sin?(612/2)  cos?(6:2/2) 1
1—cosfy, 1—cos2(0;,/2)+sin2(0;,/2) sin2(0;,/2) tan2(0;,/2)

Hence:

sin6;, 1
(1—cosb;,)?  tan2(0;,/2)
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