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1 Introdu
tion

This do
ument des
ribes the analysis of data taken with the ALICE dete
tor at the

LHC measuring the produ
tion spe
trum of neutral pions using the Photon Spe
trom-

eter (PHOS).

The PHOS is a high granularity ele
tromagneti
 
alorimeter 
apable of measuring the en-

ergy and position of ele
tromagneti
 parti
les. Covering 220

◦
<φ<280◦ in the azimuth and

a pesudorapidity range of |η| < 0.13, it is divided into three modules ea
h holding 3584

individual 
ells. A 
ell 
onsists of a lead tungstate (PbWO4) 
rystal with a 
ross se
tion

of 22 by 22 mm

2
and a length of 180 mm, whi
h a
ts as both the absorber and as the

s
intillator. A PIN photo-diode is used to measure the s
intillation light. [Aam08, Del99℄

Photons that hit the PHOS produ
e ele
tromagneti
 showers in the 
rystals, typi
ally

depositing their energy a
ross multiple 
ells. The re
onstru
tion algorithm applied to the

data �nds 
lusters of adja
ent 
ells above a 
ertain energy threshold. The total energy of

the 
luster is the sum of the energies of all 
ontributing 
ells. The position of the 
luster is

found at the bary
enter of the energy deposition a
ross the 
ontributing 
ells. The 
luster

energy, position, number of 
ells and other information is stored for all 
lusters in ea
h

event. This analysis is based on re
onstru
ted data from the 2011 p + p run at

√
s =

2.76 TeV in 2011.

2 Event Sele
tion and Cuts on PHOS Clusters

The data was taken using minimum bias triggers V0A, V0C and SPD. Only events that


ontain a re
onstru
ted primary vertex and that are not identi�ed as pile up events through

the re
onstru
tion of multiple verti
es by the SPD are sele
ted. In total 28.3 million events

pass this sele
tion 
riteria and are analysed.

For the π0
re
onstru
tion a set of 
uts is applied to the 
lusters to identify photon 
an-

didates. Only those 
lusters are sele
ted that 
ontain two 
ells or more. Furthermore, a

minimum energy threshold for the 
luster energy of 300 MeV is applied. To reje
t 
lus-

ters that are in�uen
ed by bad 
ells a Bad-Module-Map is used. Bad 
ells 
an either be

dead 
ells that are non-fun
tional or hot 
ells that are 
onstantly �ring to due to faulty

ele
troni
s.

3 π
0
-Re
onstru
tion and Raw Yield Extra
tion

Neutral pions de
ay into photon pairs with a probability of 98.823% [Nak10℄. Due to the

short lifetime of the π0
of 
τ= 25.5 nm, they approximately de
ay right at the vertex of

the p + p 
ollision. Therefore, the momentum of the de
ay photons 
an be determined



2 3 π0
-Re
onstru
tion and Raw Yield Extra
tion

)2 (GeV/cinvm
0.08 0.1 0.12 0.14 0.16 0.18 0.2

C
ou

nt
s 

200

400

600

800

1000

1200

1400
mixed Events
real Events

)2 (GeV/cinvm
0.08 0.1 0.12 0.14 0.16 0.18 0.2

re
al

/m
ix

ed
 

0.1
0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

0.55

)2 (GeV/cinvm
0.08 0.1 0.12 0.14 0.16 0.18 0.2

C
ou

nt
s 

200

400

600

800

1000

1200

1400
mixed Events
real Events

)2 (GeV/cinvm
0.08 0.1 0.12 0.14 0.16 0.18 0.2

C
ou

nt
s 

0

200

400

600

800

Figure 1: The steps of the ba
kground subtra
tion and peak extra
tion algorithm for

1.2<pT<1.4 GeV/


by measuring their energy and position in the PHOS as well as measuring the position

of the vertex of the 
ollision. Sin
e the sour
e of any parti
ular photon is unknown, all


ombinations of photons in an event are 
onsidered as π0

andidates (referred to as "real

events"). The invariant mass (minv) of a photon pair is 
al
ulated as:

minv(π
0) =

√

2 ·E(γ1) ·E(γ2) · (1− cos(α)). (1)

The top left panel of Figure 1 shows the minv spe
trum of all real event photon pairs

(bla
k 
losed 
ir
les) for a pT -range of 1.2 to 1.4 GeV/
. A peak is visible in the region of

the π0
mass sitting on top of a 
ombinatorial ba
kground. The photon pairs that are, in

fa
t, de
ay produ
ts of single π0
s 
ontribute to the peak, while the ba
kground 
onsists of

photon pairs that did not belong together. To subtra
t the ba
kground the "mixed event"

method is used. Photons from one event are 
ombined with those from a di�erent event

to 
reate a "mixed event" minv spe
trum. This spe
trum is also shown in the top left

panel of Figure 1 (blue open 
ir
les) s
aled by 0.35 to display it in one plot with the real

event spe
trum. Sin
e the paired photons are not from the same events, by 
onstru
tion

they are not 
orrelated. The mixed event minv spe
trum has a very similar shape as the


ombinatorial ba
kground of the real events.

The top right panel of Figure 1 shows the ratio of the minv spe
tra of real and mixed

events. The ratio of the ba
kground is �t with a polynomial of �rst order (green 
urve)

ex
luding ± 4 σ around the peak. This σ is determined with a Gaussian �t to the peak

(red 
urve). The �t region is indi
ated with verti
al doted lines in the top right panel in



3

 (GeV/c)
T

p
1 2 3 4 5 6 7 8

)2 c
-2

 (
G

eV
T

 d
N

/d
p

ev
1/

N

-610

-510

-410

-310

Figure 2: Raw π0
yield

Figure 1. The �rst order polynomial is applied to the mixed events as a mass dependent

s
ale fa
tor. This is ne
essary for the overall normalization as well as to a

ount for slight

di�eren
es in the slope of the mixed event spe
trum 
ompared to the real event spe
trum.

The bottom left panel of Figure 1 shows the minv spe
tra of the real events and the s
aled

mixed events. The s
aled mixed events des
ribe the ba
kground outside the π0
peak very

well and so 
an be used to subtra
t the ba
kground.

The bottom right panel shows the minv spe
trum of the real events after ba
kground sub-

tra
tion. The red line is a Gaussian �t to the peak. The raw number of π0
s is extra
ted

from the peak by integrating the 
ounts within 2σ around the mean (µ) of the Gaussian

�t. This 2σ range is indi
ated with verti
al doted lines in the bottom right panel of Figure

1. This is done for a number of pT ranges from 1 to 8 GeV to extra
t the the raw π0
yield

as a fun
tion of pT . The π0 pT spe
trum is shown in Figure 2.

Above 8 GeV the statisti
s are very low. Only a few π0
s are 
ounted in the

∼
30 mil-

lion events and, therefore, the Gaussian �ts be
ome unstable making this method unre-

liable. Below 1 GeV the signal-to-ba
kground ratio is very low, and therefore the simple

mixed events approa
h is not pre
ise enough to ensure a reliable signal extra
tion. The π0

yield drops with in
reasing pT , however the yield at 1.1 GeV is slightly lower than at 1.3

GeV. This is due to the limited a

eptan
e of PHOS. The lower the pT of the π0
, the higher

the opening angle of the de
ay-photons. Thus it is more likely to loose the π0
be
ause the

probability that both photons hit the dete
tor is lower.



4 4 A

eptan
e and E�
ien
y Corre
tion

 (GeV/c)
T

p
1 2 3 4 5 6 7 8

to
ta

l C
or

re
ct

io
n

0.002

0.004

0.006

0.008

0.01

0.012

0.014

Figure 3: Ratio of re
onstru
ted over produ
ed π0

4 A

eptan
e and E�
ien
y Corre
tion

The π0 pT spe
trum shown in Figure 3 is the raw yield of π0
s re
onstru
ted in the PHOS.

However, this is not yet a meaningful physi
al quantity. To obtain the overall yield of all

π0
s produ
ed in a p + p 
ollision in a 
ertain φ and rapidity (y) range, it is ne
essary to


orre
t for π0
loss due to the limited a

eptan
e and re
onstru
tion e�
ien
y of the PHOS.

The limited a

eptan
e is due to the small 
overage of the PHOS of approximately 4% of

the solid angle. The limited re
onstru
tion e�
ien
y 
omes from the limited spatial and

energy resolution of the PHOS as well as loss of π0
s during the peak extra
tion.

The 
orre
tions are determined using a full Monte Carlo Simulation of pp 
ollisions at

√
s=2.76 TeV. Roughly 30 million events were generated using Pythia 6 as an event gen-

erator. The entire ALICE dete
tor with all material and ele
troni
s was simulated by

GEANT 3. The simulation was run in 2012 and produ
ed data in the same format as the

data from the real dete
tor, with the additional information of the true generated parti
le

spe
tra.

For the analysis des
ribed in this report the Monte Carlo dataset is analysed with the

same algorithm as the real data. Using the additional information, the π0 pT spe
trum

produ
ed by the event generator within 0<φ<2π and |y|<0.5 is extra
ted. Figure 3 shows

the ratio of the re
onstru
ted MC pT spe
trum to the pT spe
trum produ
ed by Pythia 6.

This quanti�es all the losses of π0
s in the dete
tor in
luding those from the re
onstru
tion

and peak extra
tion algorithms and 
an be used to 
orre
t for these e�e
ts in the real data.
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Figure 4: Comparison of µ and σ in real data and Monte Carlo.

The rising shape of the ratio shows that π0
s with lower pT are more likely to be lost than

those with higher pT .

The main reason lies in the larger opening angle of photon pairs from de
ays of π0
s with

lower pT . Sin
e the su

essful re
onstru
tion of a π0
relies on both its de
ay photons to

hit the dete
tor, it is generally more likely for a high pT π0
to be re
onstru
ted than a low

pT one. Also, the energy and position resolution of the PHOS is energy dependent and

improves slightly for higher energies.

Figure 4 shows the 
omparison of the µ (left panel) and σ (right panel) of the Gaussian �t

to the π0
peak in both real and simulated data. The µ represents the average value of the

re
onstru
ted mass of the π0
and 
onsequently is an indi
ation of the overall photon energy

s
ale 
alibration of the dete
tor. The standard deviation σ indi
ates the mass resolution,

whi
h is a 
onvolution of the energy and spatial resolution of the dete
tor. The ratio of

data to Monte Carlo in the left panel of Figure 3 shows that the re
onstru
ted π0
mass

in data and Monte Carlo agree within 1 to 2 %. However, there is a rising shape to this

ratio. The ratio in the right panel shows, that the agreement in the mass resolution of

data and Monte Carlo is within 10% for pT<4 GeV and within 30% above 4 GeV. This

ratio also rises with in
reasing momentum. The disagreement of data and Monte Carlo in

both µ and σ shows that further tuning of the Monte Carlo is ne
essary to ensure that the


alibration of the real and the simulated dete
tor are the same and all e�e
ts for π0
loss

are fully taken into a

ounted.

It also might be ne
essary to apply a misalignment 
orre
tion for the module positions,
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Figure 5: Fully 
orre
ted π0
produ
tion spe
trum

as has been reportedly applied in other PHOS analyses. This would mainly a�e
t the

invariant mass of low pT Pions be
ause it is more likely that their de
ay photons hit

di�erent modules. This 
ould a

ount for the falling shape of the mass vs pT for pT<1.5

GeV for both data and Monte Carlo.

5 Corre
ted Produ
tion Spe
trum

To obtain the fully 
orre
ted pT spe
trum of all π0
s produ
ed in the p+ p 
ollisions within

0<φ<2π and |y|<0.5 the raw yield shown in Figure 2 is divided by the total 
orre
tion

shown in Figure 3. The proper Ja
obian 1/pT normalized result is shown in Figure 5.

The 
urrent systemati
 un
ertainties are large primarily due to the di�eren
es in the mass

position shown in Figure 4. A 1% di�eren
e in the energy 
alibration makes a di�eren
e

of

∼
4% in the extra
ted yield, so the 
urrent disagreement of up to 2% of data and Monte

Carlo indi
ates that the yield is potentially shifted to the level of 8%.

Further studies will in
lude adding a timing 
ut on the 
lusters as an additional pile up

reje
tion from di�erent bun
h 
rossings, misalignment and energy re
alibration studies,

better ba
kground subtra
tion methods in
luding a fast Monte Carlo to estimate the 
on-

tribution of 
orrelated ba
kground under the π0
-peak and tuning of the full Monte Carlo

results to mat
h the position and the resolution of the re
onstru
ted minv of the π0
.

The analysis presented is to be seen as a �rst order baseline analysis. The su

essful proof

of prin
ipal analysis has been shown and establishes the e�
a
y of a full Monte Carlo

based e�
ien
y 
orre
tion. It is the �rst of its kind with the PHOS dete
tor and provides

a foundation for future PHOS analyses at ALICE.
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