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The transition:
quarks and gluons = hadrons Electroweak

can only be described by

phenomenological models.

The measurement of inclusive
particle production cross sections

of resonant states (e.g: worp)

Hadron

improves the description of decays

the hadronization process.

LEP was ideal for studying

K m et Bt Ky e ¥ )
hadronization.
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Introduction
High energy collisions of sub-atomic particles can result in events
containing a high multiplicity of hadronic particles.
An example was the production of Z° Bosons at LEP
an e*e~ collider with Eqy = 91.2 GeV (= 1.5 x 1078 Joules)
T !
ete™ = Z — qq — hadrons r hadron "jet"
hadron "jet"
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The Standard Model

Table 2.1: The particles and forces of the Standard Model.

t (top) b (bottom) |7 v

Fermions (spin — %) Bosons (spin 1)
Quarks Leptons || em. | Weak Strong
w (up) d (down) e Ve
¢ (charm) s (strange) | p= v, v | W Z | gluons(8)
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This study describes the ALEPH measurement of

" the production rate and
" the differential cross section

of the /)i(TTO) meson in hadronic decays of the Z boson.

/)i candidates are reconstructed from the

decay channel:

pt =71 L7 (BR~100%)

The results are compared with:

= JETSET 7.4 (a Monte Carlo event generator software)
" OPAL measurement (unique at LEP)
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The Large Electron-Positron Collider (LEP)

" Circumference 27 km (largest e*e~ collider)

" Located in an underground at a depth about 100 m

" Operated
between 1989 — 1995; Eq; = 91.2 GeV for Z
between 1995 —2000; Ey = 160-190 GeV  for W*W-
for
ALEPH,
DELPHI,
OPAL and L3
experiments
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Different particle types interact differently with matter
e.g. photons do not feel a magnetic field

Tracking Electromagnetic Hadron Muon
chamber __calorimeter _calorimeter

charnber

Innermost Layer... ———————> ..Outermost Layer

We need different types of detectectors
to measure different types of particles.
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Particle Detectors
Detectors employed in HEP experiments record
position, arrival time, momentum, energy and identity
of particles.
Charged particles ( e* K* o ) /
can be detected through their ionisation in tracking B %A
chambers + |
=
* a measure of the curvature of the track in a :__%\‘
magnetic field gives a measure of its momentum I N N
X x
* N N
a measure of the rate of ionisation loss (dE/dx)
can be used to determine its type i
Neutral particles ( ¥ 71 ) AAR T
are detected via calorimeters, where their position i ¥
and energy are measured. ¥
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The ALEPH Detector
Vertex
— Detector

[ ] Inner Tracking
Chamber

. Time Projection
Chamber

. Electromagnetic
Calorimeter

Superconducting

Magnet Coil
Hadron
Calorimeter
. Muon
Chambers
. Luminosity
Monitors
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Tracking Chambers
Detector Resolution

o(r,¢) =12 pm

o(z) =10 pm

Vertex Detector
(VDET)

Inner Tracking
Chamber

(ITC)

o(r,¢) =20 pm

Time Projection
Chamber

(TPC)

o(r,¢) = 180 um
o(z) =1 mm
a(p) = 1.2 x 107%p? GeV/c
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Electromagnetic Calorimeter (ECAL)

For electrons and photons of high
energy, a dramatic result of the
combined phenomena of
bramsstrahlung and pair production
is the occurance of cascade showers.

A parent electron will radiate photons, e

o
which converts to pairs, which radiate Y
and produce fresh pairs in turn, the v e
. . . Y
number of particles increasing
exponentially with depth in the Y
medium. o
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Energy resolution Spatial resolution
e e
5 @ & ®)
B oz % oo
+
wlt +,
b gt
1/VE O(Degree)
9E _ E 4 0.009 Opp = <2—5 + 0.25) mrad
B = 00 =75
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Event Selection
The ALEPH detector recorded a variety of events
" 77 events

" most of decays of Z boson to its various modes

Z Decay Mode

Fraction (%)

7 — ete
7 —utpe”
7 —T1vr™

Z — qq hadrons

7 — vp invisible

3.363 £ 0.004
3.366 £0.007
3.370 £ 0.008

69.910 £ 0.060
20.000 + 0.060

In addition, there are small
number of background:

- beam-gas interaction

- beam electrons

— COSmic rays
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ENDCAP 8

ENDCAP 4
%
T__m ENOID VIEW [N DIRECTION OF ARROW C
SHOWING HALF MODULE OVERLAP
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Event Reconstruction and Simulation
REAL DATA MONTE CARLO
collisions cvent generators
ALEPH
analogue signals svectors
DAQ GALEPH
real data simulated data
reconstructed data
POT, DST, Mini-DST
physics analysis
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R N ALEPH
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To remove events which suffer from a low geometric
acceptance, a cut applied on the polar angle, 6, of the event
axis as defined by sphericity.

Events are accepted if g [
350 <0< 145 S
(Icos 61<0.82) -

15000

0 01 02 03 04 05 06 07 08 08 1

lcos @1
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Flow chart of hadronic event selection:
Select data
| Real data | | Monte Carlo |
H,g;, Apply #of chpar.> 5 o
| voltage on ? H track cuts ?7}"’”1’”"9 loos(®)] < 0.8
\L F
F
Remove GOTO Analyse Accept
this event next event this event this event
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Hadronic Event Selection

Hadronic events are selected on the basis of

the total charged multiplicity and energy within an event.
For this, cuts are applied to select ‘good charged tracks’.

Track Cuts
removes same badly reconstructed tracks.

A good charged track must have:

at least 4 TPC hits
a polar angle 20°< 6 < 160°
a transverse impact parameter Id;l<2 cm

a longitudinal impact parameter lzyl< Scm
a transverse momentum p, > 200 MeV/c

Y VYYVY
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Event Cuts
1. aminimum of 5 ‘good’ tracks
2. aminimum of 15 GeV total ‘good’ charged energy

e'eT—> ge, u'u

2 10 With these cuts a total

S = &&= hodrons .

g E i : 3,239,746 hadronic events
EA are selected with

S0

efficiency: &=95.0 %
purity : P=99.6 %

ete 7t

25

1991 to 1995 running periods.

0 5 10 15 20 25 30

vy events ™

from data recorded by ALEPH from

)
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Track Selection

p= — 7 +a% (BR~ 100%)

7= selection is relatively trivial, while

70 selection and reconstruction is more complicated.

All selection performances are determined from the
Monte Carlo with the aim to maximise both

purity and efficiency.

p* candidates are reconstructed from the decay channel:
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Charged Track Selection

All good tracks originating from IP are considered as pions.

The following cuts select 7= with
£=95% and P=43%

e atransverse impact parameter ld,<0.5 cm
* longitudinal impact parameter Iz)l< 3.0 cm
e atransverse momentum p, > 250 MeV/c

e if available, -2 < y(dE/dx) < 3 (with pion hypothesis)

‘April 2007
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Charged particle identification is | The deviation from an assumed
performed by the measurement | hypothesis expressed as:

of ionisation energy loss, dE/dx. (48 mensured — (42 )expected

X(dE/dx) =

“102

TdE/dx

2 % T

PEP-4 TPC 10000 =

« Altracks (data)
— Al tracka ()
8000 [ a pions

+ Keons
L

entries / 0.125

10
Momentum (GeV/e)

5
Y(dE/dx)
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The topology of reconstructed 7°

topology 1 tepolagy 2

is found to be important.

Geometric representation of four

possible 70 topologies are given @\@

right.

topology 3 topolagy 4

Photon pairs taken from:

topology 1: one ECAL cluster, within which two subclusters are resolved

topology 2: one ECAL cluster, within which more than two subclusters are resolved

topology 3: two ECAL clusters, within each of which no subclusters are resolved

topology 4: two ECAL clusters, within one or both of which more than one
subcluster is resolved
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Tight cuts on the impact parameters are introduced to
increase the reconstruction purity of 7= mesons from p* .

40000

35000

30000

25000

entries / 0.02 cm

20000
15000
10000

5000 [
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Neutral Pion Selection

Neutral pions are built from the decay a°
= v+

Invariant mass spectra is built up by the equation:

E\Ey(1 — cosbyo) Following cuts are applied:

[, 30000 -  Each photon energy Ey > 1 GeV

> 45000

%

= 40000 1 0 on .

Rl * Pion energy En < 18 GeV

£ o000 combinatorial

2 25000 ™ 8

e - * Invariant mass of two photon M(y,.y,),
) A sa should be within +2¢ mass window
10000 mass vindow around pion signal.
000  is defined as HWHM.

¢ 0 005 01 015 Q2 025 03 Q3

Two—photon invariant moss (Gev/c?)

Poor purity of the pions are improved by a
‘Ranking’ Method.
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Mass Constraint
Uncertainties in the reconstructed
momentum vector of a 7" are
introduced due to the finite ECAL
spatial and energy resolution.

To improve the momentum resolution
of the pion the reconstructed mass can
be constrained to the nominal pion mass of 135 MeV/c2.

This is done by modifying the photon energies (E, and E,) and
opening angle (6) between photons until the required mass is
obtained. These parameters can be found by minimising the chi-
square form:

Ey —wsy cosf.,., — K

B —w : c
= (= 4 )+ )

o1 oy Ccostyy
with mass constraint:

M2, =2E E>(1 - K)
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Neutral Pion Calibration ;
-~ signal

Selecting 7 candidates from

the combinatorial background.

It is found that: peak mass and width
of the 7”signal depend on both
energy and topology.

So, we need to calibrate two functions

. 0 0
a mass window around the ™ peak o
. o . ™ 10000
provides initial rejection of most of
R
c

10000

3000

o

2000 bz e
1000 ]
m(E,T) and o(E,T) 9
C £.05 025 2.3
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The Ranking Method

Consider n photons taken from the
ECAL. We can form 7 candidates
by building photon pairs as follows:

PHOTONS SELECTED PAIRS (combinations)

1 12 23 34 45 ... (n-1)n
2 13 24 35
3 14 25
4 15 ¥
5 4n
3n

. 2n

n in

Number of combinations:
n! _n(n=1)

we have n(n—1)/2 candidates
forming S+B but only /2 of
them are true forming S.

Signal-to-background ratio:
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The calibration procedure is as follows:
1. The mass spectra is plotted for the matched pion signal
(for each topology in 1 GeV energy intervals)
2. The peak (signal) is fitted with a Gaussian from which
positions a and b, taken at half height, are measured
3. Half width at half maximum HWHM & = (b— 0)/2 and
the center of the mass window m = (b+a)/2  are evaluated
o, soo0
T oo [ ARITTVSE R peok penton
2
S sooo
~
@ 5000
T amnan
3000
2000
1000
L P T T e
M, (Gev,/c?)
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20000 o ARG | VA e anier]
An example to show 15000 “tiga 11 data ]
10000 T
the performance of the 5000 } ; ]
o o h h
calibration for each topology R anne Bas :
for pion energy between 3 o E
- o 20000 i \ E
2 GeV < Ep < 3 GeV S oo | | ]
< 0 . ,
8 soom T3 | HRR!
£ 0000 E
5
The calibration functions give o000 T
5 d .
a correct selection of 7° peak. o0 ek
20000 | E
10000 iy E
o i
o o1 0z o 01 02
M, (Bev/c’) M, {Gev/c)
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Purity and Efficiency

In this study, we define the neutral pion
purity (P) and efficiency (<) as follows:

— _ o 50000 T T T T T T
p_ S .- i > 45000 1
S+ B So = 40000 1
9 ~. 35000 1
, 1 S - 2 ]
exP =— .2 30000
So (\/5 ¢ B) £ 25000 [ q
20000
signal ocoo)l
significance 10000 oo 1
5000 He 1
]

. . 0 0.05 0.1 Q.15 0.2 O.‘Qﬁ O‘.S 0.39)
S is the number of signal, and

Two—photon invariant mass (Gev/c?)

B is the number of background for the given mass window and
S, is the total number of signal within £60 mass window
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The Standard Method
%
100F
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40f
— 20b
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+20 %
m Efficiency
100F- -~~~ e Puity ]
A Product (ExP)
80F 3 ]
60 E ]
LIS s ]
ol 20F b ]
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+4o %
@ Efficiency
100F ® Purity k|
A Product (ExP)
80F F
60 3 ]
° -\\\‘ >/\ j
— 20b 3 k|
r T T T T T T
0 §0 100 150 200 250 300 £1 42 +3 £4 +5 46 1 12 3 £4 5 16
Two-photon Invariant Mass  ( MeV/c2) Mass Window (X&)
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+1o %
w Efficiency
100F ® Purity
A Product (ExP)
80F
=]
60
40}
A
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+30 %
m Efficiency
00—~ ® Fuity
A Product (ExP)
80 r
60 E
° 7.\‘\' 7/\
p— 200 3
r T T T T T T
[ 50 100 150 200 250 300 £ 42 43 £4 +5 46 ] 42 13 44 15 46
Two-photon Invariant Mass  ( MeV/c2) Mass Window (x o)
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+50 %
w Efficiency
100 ® Purity k|
A Product (ExP)
80F F
60 3 ]
® -\\‘\‘\‘ » 7
o 20f ‘/\\‘ ]
r T T T T T T
[} §0 100 150 200 250 300 £1 42 +3 £4 +5 46 1 12 3 £4 5 16
Two-photon Invariant Mass  ( MeV/c2) Mass Window (X&)
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+60 %

@ Efficiency

100- ® Purity

A Product (ExP)
80+
60

T T T T T T
0 50 100 150 200 250 300 1 £2 33 4 15 36 #1 2 13 £4 £5 16
Two-photon Invariant Mass  ( MeV/c2) Mass Window (X&)

40f
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Ranking Method

After the initial mass window selection, additional improvement can
be achived by applying the estimator indirectly with a ‘Ranking’
method.

The algorithm is as follows:

1. Pion estimator values are calculated for each pion in an event

2. Pions candidates are ranked according to
their estimator values

3. A scan is then made through the list for pairs of pions which
share photons. When such a pair exist, one or both
candidates must be false; the candidate with largest
estimator value is removed

“April 2007
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Performance of the Ranking Method

Mass window Energy

o0 100 05 [ purity () atficiency (£)
07
50 sor 0
20 0s
i 04
70
» 03
) - 02
20 | purity () efficiency (£ 0.1
50 o
T2 3 45 8 T2 5 ¢ 5 6
e ;
45 o B, 05 I product (exP)
w0 /\\‘\‘\_‘ o4
- Ranking
Ed o5 L — Standara
50
02
25
20 b product (exP) o1
15 . , . ,
1 2 3 4 5 B OoT2s s T 0 iz 15 175 20

* mass window (+0) * energy (GeV)
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7% Estimators
An estimator, based on kinematics of 7°,
. . . . x102
can be used to discriminate signal and 5 ., f y o
R s e
background. Following distributions ~ ~ ' it
5 1o
define our estimators: o be 0.
. - - 800
o chi-square (y?) values from 0
mass constraint o
e photon pair opening angles, 05 E
o 2D scatter distribution of x? vs 6y,
Solid curve has the form:
2
X“y2 122 _
524+ (22 =1
AN e " ‘April 2007
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Example of applying Ranking method:
SELECTED CANDIDATES SELECTED CANDIDATES
BEFORE RANKING AFTER RANKING
Pion Photon Truth Pion Photon Truth
# est. 1 2 info. # est. 1 2 info.
A 0.05 Al A2 TRUE A 0.05 Al A2 TRUE
B 0.12 Bl B2 TRUE B 0.12 Bl B2 TRUE
X 0.19 Dl E1  FALSE X 0.19 Dl E1 FALSE
C 0.28 Cl C2 TRUE C 0.28 ClC2 TRUE
Y 0.45 Al B2 FALSE
D 0.63 Dl D2 TRUE
Z 0.87 C2 E2 FALSE
To investigate performance of the Ranking method,
the mass window, and pion energy is varied.
The results are compared with the standard method.
Performance is measured in terms of the product: £ X P
(A Uni i f Gaziante April 2007
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Example Applications

X— rta~a°

— befare renking

- ofterranking &

0.2 x, <0.3

0.5< %, €0.7

0.6 08 1 0.6 08 1

Three Pion Invariant Mass, M(r*, 7 %) GeV/c?

befors rriing”
atter ranking

I 03¢5, <05 ! 0.5

<%, <07

05 1 15 05

Two Pion Invariant Mass, M(r®, 7>

1 1.5

) Gev/dt
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Extraction of the p*(770) Signal

The rate and cross section of the /)i meson are extracted from the
invariant mass distribution of its daughter pions,

pF — 1" +7%  (BR~100%)
by fitting the invariant mass to a sum of signal and background
functions.

Extraction of /)ir yield is complicated by:
" the large with resonance
® the reflection of other mesons (especially w — 7°7+77)
" the partially reconstructed signal
" the large combinatorial background

" the residual Bose-Einstein correlations that affects
both signal and background shape

AN University of Gaziantep Chapter 9 April 2007
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Signal Reconstruction

The data is analysed in
= six intervals of scaled momentum: Zp = Pp/Pbeam

= nine intervals of scaled energy:  p = £,/ Epcam

Here Poeam =~ Ebpeam (about 45.6 GeV) is the LEP momentum.

Tnterval r, range Tp range
1 0.05 <z, < 0.10 < 0.100
2 0.10 < 2, < 0.20 | 0.100 < < 0.125
3 0.20 < 2, < 0.30 | 0.125 < < 0.150 | | Note
4 0.30 < 2, < 0.40 | 0.150 < 0.200
5 040 < 2, < 0.50 | 0.200 < x5 < 0.300 The results of the measurements
6 0.50 < 2, < 1.00 | 0.300 < g < 0.400 | |« in x intervals are compared
7 0.400 < 2 < 0.600 with those of ALEPH p°
8 0.600 < 0.800 | | measurement
9 0.800 < zg < 1.000
« in xg intervals are compared
with OPAL p* measurement
AN . N April 2007
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Signal Extraction and Fitting Procedure

Signal Shape

Basic line shape for the /)i signal | Monte Carlo (JETSET) uses a
is a relativistic p-wave BreitWigner: | non-relativistic Breit-Wigner:

RBW (m) = n - mq - I'(m) (truncated between 0.3 and 1.3 GeV/c?)
(m? —m)? + md - T2(m)
i () — (To/2)
v I(m) =T ( g ) 22 BV = G nep + worp
m) = %] = >
( ‘\a) @+

m is the two-pion invariant mass

my is the resonance peak mass

T is the mass dependent width

T, is the nominal width (FWHM)

g is the momentum of the decay products in the rest frame of parent

q, is the momentum when m = mj

AN riversity of Gaziantep Chapter 9 “April 2007
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Two-pion Invaiant Mass

Charged and Neutral pions are selected as described in Chapter 6.

Invariant mass of two pions is defined as:

7772(ﬁi, 7°)

2 2
E,,i — Ppt

(Ers + Eﬁ°)2 — (Prt +]3n°)2

ALERPH Archived Data

where
E2 = p2 +m? - ""
WiT.h T 1zs00 /
Mat ~ 140 MeV /c? e .

Znties / 2.0

7500

mgo ~ 135 MeV/c? =ooe
° 0.2 o4 0.6 o8 1 1.2 14 16 1.4
D
AW niversity of Gaziantep Chapter 9 April 2007
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Using Monte Carlo, we can T AR | AR
- generated P e generctes ()
et st

study the theoretical shape

entries/0.01

of the momentum and energy
distributions for the
generated and reconstructed
p* mesons.

The mean efficiency in each

interval is used to correct the

reconstruction efficiency

extracted signal in both

Monte Carlo and real data.
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Signal Shape ‘
Nominal values are: | @B N
me = 0.1515 GeV/c*
08 | .
mo = 775.8 £ 0.5 MeV/c? 4t DAL
K1 K b 2 Wl
To =151.5+ 1.2 MeV/c b
[PDG 2006] 1.2 e e
o (b} RBW Mg
08 B
0.6
0.4 |
0.2
e (A
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

m(n’t), Gevyct
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Partially Reconstructed Signal

An important consideration is the
. +
effect of partially reconstructed
—0 .
mesons where a T is reconstructed
from originating from /)ir signal and
one that is not.

Such a combination
contains most of the kinematics of the
/)i signal for this reason partial signal

has similar, but wider shape.

AN University of Gaziantep Chapter 9 April 2007
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Summary for the Signal function:
® In the fits, nominal values (I’ , 1m0 ) are replaced by I, and 12,
® The height of the partially reconstructed signal ( Hp ) is
parameterised as a function of fully reconstructed signal height

(Hp), since they are correlated. The ratio r = H./ Hp is taken from
the Monte Carlo predictions.

" Signal function is parametrised as a sum of two RBW functions:
fe(m) = po[RBWg(m) + RBW};(IN)/V']‘

auu0

Py is the normalisation constant.  so

7000
Note that RBW is replaced by e
BW in the Monte Carlo fits. b~

4000

L Monte Corlo signal

— tully recon. signal
— portiolly recon. signal
— fitted signol function

3000
2000

1000

04 06 08 1 12 1
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The width (T'o) and peak mass (1 ) are different from the nominal
values due to resolution effects, which is dominated by 7’ component.
The mass resolution (I, ) and peak mass (7,.5) of the /)i meson
are determined from the Monte Carlo.
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Combinatorial Background
The combinatorial background is parameterised by a smooth function:
folm) = pym¥? x exp(psmy + pym? + psm?)

where My = M — Mzo — Mgt

The free parameters p, — p5 are adjusted by the fitting procedure.

Reflections
7% mass spectra contain reflections from the decays:

w(782) — 7wt

n(548) — 7ot
K**(892) — 7°K*
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Bose-Einstein Correlations

Bose-Einstein Correlations (BECs) are an apparent attraction in
phase-space between identical bosons.

Features of BEC:

" BEC is relevant if and only if identical bosons (such as pions)
are close to each other in phase-space.

" Most of the particles generated in hadronic events are pion
triplets obeying Bose statistics. As a result, BECs affect the
dynamics of the pions in the final state.

" BECs are quantum mechanical effect that must appear during
the fragmentaion state. Hence, measurement of BECs can
help the understanding of QCD studies.

" BECs are not implemented in MC programs effectively.

10
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Residual Bose-Einstein Correlations

Experimental studies reveal that BECs affect the distribution of
effective masses of 77 pairs originating from the IP.

The life-time (~10-2*s) and therefore decay length (~ 1fm) of the /)i
meson is sufficiently short that pions from the decay p* — 7% x°
can be considered as coming from the IP.

Chapter 9 Page 62|

Hence a ‘Residual” BECs must Z:Aom S o ALEPH Archived Data |
. . . 35000 = S h
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The distortion in real data can be described by interference effect,
believed to originate from residual BECs, between the amplitudes of

pi and coherent (non-resonant) background.

A successful parameterisation is performed by Soding Model
used before in the /)0 and ﬂi analysis.

To include the interference effect, the fit function is extended

by adding the term: I e |
%
2 2 % os —+ It + ]
my.. — M o
i(m) = C | —L2—— ) fo(m >
Jilm) ( mI'(m) )f( ) os [ + 1ty ]
oa | ++ 1t +++ ]
where C is the strength of wh 1+ ]
the interference, and is ] o
. b ~+—+-]
determined from data fits.
0 025 05 G75 1 0 025 05 075 1
%5 = Py / Poeor e = E, / Eumor
AW | ersity of Gaziants April 2007
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The interference term is a model to describe the distortion affecting
both signal and background.

o
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Rates & Cross Sections

Production Rate: Differential Cross Section:

1 do R 1 51

Oror dx %z oz N

N : number of selected hadronic events
S : number of (fitted) signal

ox : width of the energy interval
€ : reconstruction efficiency defined as:

number of reconstructed rho-mesons in MC

£= nl’CC =
gen number of generated rho-mesons in MC

N

Total Fit Function

Total fit function is built by adding six model functions as follows:
F(m) = fum)+ fylm) + fi(m) + fu(m) + fy(m) + fic-(m)
Note that fi(m) is omitted for the Monte Carlo

s o TR S T
3 ALEPH Archived Doto | & ) ALEPH Archived Dato
$ o & oo
2 04 <x <08 g ﬁ 04< 506
: £
S 12500 “ ‘/ ﬁt — signal function
— interference function
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Systematic Error Analysis

Statistical errors originate from counting (statistical) uncertainties
that result in measured values being randomly high or low.

Systematic errors originate from detector effects, uncertainties in
models, measurement procedures resulting in measured values being
systematically high or low.

Possible source of systematic errors:
" track selection cuts

" fitting procedure

" reflection models

" signal function

efficiency correction

uncertainty in the extrapolation to full x, and x; ranges
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Table 10.4: Systematic and statistical errors for the p* rate in each measured
momentum interval. All values are expressed in % rounded to one decimal place.
Source of error neasured @, interval
€all 1 2 3 4 5 6
Fit range 19 04 24 21 44 08 68
Eff. correction 01 02 02 02 02 02 04
Signal width 16 36 32 21 28 35 56
Partial signal *3.0 27 34 35 3.2 0 21
w rate 1.5 20 17 15 07 03 08
7 rate 03 00 00 05 11 02 00
K** rate 07 00 12 27 01 01 28
7 matching 0.7 06 07 08 07 09 06
E, 26 60 61 31 32 32 30
Eo 15 35 37 24 15 16 46
7 mass window 1.3 26 31 27 35 23 33
X(dE/dz) 11 28 13 17 07 16 26
dy 20 52 19 27 08 04 37
Systematic error
(etot) 57 107 100 80 81 65 123
Statistical error 11 25 22 16 09 09 22
Total error 58 11.0 102 81 81 6.6 125
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Results
Table 11.1: Measured multiplicies and differential cross-sections for the p* in
intervals. The result of summing over the measured x, intervals is also given,
ineluding extrapolation to full x, vange with an additional error due to the un-
certainty in the extrapolation.
z, range  Multiplicity p* (770)/ Z decay  1/opaado[dx,,
0.05-0.10  0.5622 4 0.0142 + 0.0603 11.2434 + 0.2840 + 1.2069
0.10-0.15  0.3162 4 0.0068 + 0.0315 6.3246 + 0.1364 + 0.6209
0.15-0.20  0.2338 £ 0.0037 £ 0.0187 46756 £ 0.0736 4 0.3731
0.20-0.30  0.2335 £ 0.0022 £ 0.0189 3347 £ 0.0216 £ 0.1889
0.30-0.50  0.1663 4 0.0015 £ 0.0109 0.8316 + 0.0073 & 0.0545
0.50-1.00  0.0412 4 0.0009 & 0.0051 0.0823 + 0.0018 & 0.0102
0.05-1.00  1.5532 4 0.0164 + 0.0880
all x, 2.5872 £ 0.0273 4 0.1466 + 0.0428
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Table 10.5: Systematic and statistical errors for the p* rate in each measured
energy interval. All values are expressed in % rounded to one decimal place.
Source of Error ‘measured zg interval
€all 1 2 3 4 5 6 7 8 9
Fit range 19 47 26 39 33 15 22 37 28 25
Eff. correction 01 02 02 02 02 02 02 03 06 18
Signal width 16 34 39 38 34 35 33 34 36 28
Partial signal *3.2 29 36 35 37 34 30 27 13 19
w rate 1.7 16 29 32 10 22 03 04 02 0.1
7 rate 1.5 17 23 25 22 03 02 02 12 00
K** rate *0.5 00 27 16 03 01 01 03 19 26
70 matching *0.7 06 07 07 08 07 08 08 06 05
E, 28 63 50 40 45 64 38 43 25 44
Ero 1.2 30 24 35 07 04 10 31 02 88
7 mass window 20 47 47 43 38 28 22 30 22 59
X(dE/dzx) 1.1 23 49 25 17 06 21 10 41 57
dy 08 17 40 25 07 04 02 04 11 32
Systematic error
(€tot) 6.1 11.3 123 11.0 9.0 90 7.1 85 76 142
Statistical error 10 23 27 24 12 09 12 12 34 63
Total error 6.2 11.5 126 11.3 9.1 91 72 86 83 155
AN i " ‘April 2007
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Table 11.2: Measured multiplicies and differential eross-sections for the p* in
srintersaly: Thewosull of summng over-dhe measusal wenterle sl
given, including extrapolation to full zg range with an additional error due to
the uncertainty in the extrapolation.
2z range  Multiplicity 72 (770)] Z decay  1/pedojdzz
0.050-0.100  0.6050 + 0.0137 £ 0.0683 12.0992 =+ 0.2740 £ 1.3650
0.100-0.125  0.1679 & 0.0046 £ 0.0206 6.7153 4 0.1840 £ 0.8237
0.125-0.150  0.1450 4 0.0035 & 0.0160 5.7990 = 0.1400 £ 0.6407
0.150-0.200  0.2258 + 0.0027 £ 0.0204 4.5151 4 0.1090 + 0.4072
0.200-0.300  0.2506 £ 0.0023 £ 0.0226 2.5056 £ 0.0230 £ 0.2259
0.300-0.400  0.1151 4 0.0014 & 0.0082 1.1511 4 0.0140 =+ 0.0820
0.400-0.600  0.0820 4 0.0010 & 0.0070 0.4102 = 0.0050 = 0.0349
0.600-0.800  0.0146 + 0.0005 £ 0.0011 0.0729 =+ 0.0025 + 0.0055
0.800-1.000  0.0016 £ 0.0001 £ 0.0002 0.0078 4 0.0005 £ 0.0011
0.050-1.000  1.6076 + 0.0154 £ 0.0981
all tg 2.5878 £ 0.0248 £ 0.1579 £ 0.0408
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Table 11.3: Comparison of the total multiplicity of the p*, N(p*) and the ratio
2N(p°)/N(p*) as measured bu ALEPH to OPAL and Monte Carlo predictions.
Data set N(pF) 2N(p°)/N(pF)
ALEPH data 2.59 £+ 0.03 + 0.15 1.124+0.05 £ 0.17
OPAL data 2.40 £ 0.06 + 0.43 1.08 4+ 0.04 £+ 0.20
JETSET 7.4 2.77 1.06
PyTHIA 6.4 2.85 1.07
HERWIG 6.5 1.93 1.04
45 1.36
« ALEPH dota sl
o OPALdata |
— JETSET 7.4 R
35 | PYTHIA 6.4 1 12
. HERWIG 6.5 bl
1 L 1.1 F
. + 1.05 F
oF
2 0.95 |
(o) 09T (b)
15 0.85
Ne™) NE)/NE™)
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Conclusion

" Inclusive production of the /)i mesons in hadronic Z decays
has been observed with the ALEPH detector.

" Measured rate and differential cross-section are in good
agreement with OPAL measurements within the error bars.

" Monte Carlo rates obtained from JETSET and PYTHIA are
consistent with the real data measurements of two
independent experiments.

" The model for BEC used in our study is same as the OPAL.
This model successfully describes distortion in two-pion
invariant mass.
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Summary of the Analysis
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Future Work

Experiences gained in this study can be applied to future work in
a number of possible areas:

= Particle production involving 7" decay products
+(0%( +
" A measurement of ag (980) — n7

® Much work needs to be done to implement BECs in the MC
models, since BECs are not implemented in MC correctly.
This is important for LEP and LHC.

" Work on the ATLAS Experiment.
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QUESTIONS
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