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Part I:
Invariant mass analyses (example: π0 analysis)
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Lorentz Invariant Phase Space Element

Lorentz transforma7on for a momentum space element

Lorentz invariant momentum space element:

Invariant cross sec7on:
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Invariant Cross SecCon

Integral of the invariant cross sec7on:

Average number of par7cles
per event

Total cross sec7on
for the considered events

p + p→π 0 + X  at s = 200 GeV
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Consider the decay of a par7cle into two daughter par7cles:

Invariant mass M:

π 0 → γ + γ , m1 = m2 = 0, Ei = piExample: π0 decay

0π

rest frame:

0π

lab frame:

ϑ M = 2E1E2(1 − cosϑ )
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In terms of CPU 7me this 
formula is beKer than 
the one with cos ϑ
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Invariant Mass

combinatorial background
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Width caused by finite
energy resolu7on (natural width
of the π0: Γ = 7.8 eV)
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Two Ways to Measure Photons (I):
With Calorimeters ...

■ Two types of calorimeters

‣ homogeneous calorimeters (e.g. 
lead glass)

‣ sampling calorimeters (alterna7ng 
layers of absorber material and 
scin7llators)

■ Energy resolu7on improves with 
increasing energy
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■ Good homogeneous calorimeters 
reach 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Two Ways to Measure Photons (II):
... and via Photon Conversions

■ Very good momentum resolu7on at low pT   

■ However, photon conversion probability typically small (~ 8% in Alice) 
9
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π0 Decay KinemaCcs with MathemaCca (1/7)
z

θ*

γ

γ

z
π 0

π0 rest frame
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π0 Decay KinemaCcs with MathemaCca (2/7)
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π0 Decay KinemaCcs with MathemaCca (3/7)

α :=
E1 − E2
E1 + E2

α = β cosϑ *

cosϑ lab =
β 2 cos2ϑ *2 + 1 − 2β 2

β 2 cos2ϑ *2 − 1
opening angle
in the lab system12
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π0 Decay KinemaCcs with MathemaCca (4/7)
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π0 Decay KinemaCcs with MathemaCca (5/7)

Opening angle ϑ in the lab system
as a funcCon of the decay angle ϑ* in the CMS

p(π0) = 1 GeV/c

p(π0) = 10 GeV/c
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ϑ* = 90 degrees corresponds to the minimum opening angle in the lab system 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π0 Decay KinemaCcs with MathemaCca (6/7)

p(π0) = 0,25 GeV/c

p(π0) = 1 GeV/c

p(π0) = 10 GeV/c
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Most decays have opening angles close to the minimum 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π0 Decay KinemaCcs with MathemaCca (7/7)
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Minimum opening angle as a func7on of the momentum of the neutral pion
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Asymmetry Cut

17

θ*

γ

γ

z
π 0 In the π0 rest frame cos θ* is uniformly 

distributed

π0 rest frame

We have shown that:

α :=
E1 − E2
E1 + E2

With E1 and E2 deno7ng the decay photon energies 
in the lab frame the energy asymmetry is defined as:

α = β cosθ*

velocity of the pion in the lab frame (in units of c)

β is typically close to unity. So for photons pairs from a π0 decay the asymmetry α is 
approximately uniformly distributed between 0 and 1.
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An Example from Phenix
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π0‘s in the EMCal acceptance

PhD thesis. Ch. Klein‐Bösing

■ The asymmetry cut can help to improve the signal/background ra7o of the π0 peaks 

‣ Steeply falling spectra lead to large asymmetries in the combinatorial background

■ Comparing π0 yields for different asymmetry cuts turned out to be a very useful 
systema7c check in Phenix (e.g., no asymmetry cut vs. α < 0.7)
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Combinatorial Background:
Event Mixing
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■ Calculate inv. mass for combina7ons where photon 1 comes from the current 
event and photon 2 comes from an old event

■ Make sure that the old event has the same global proper7es as the current one. 
Typically events are categorized according to

‣ Event mul7plicity

‣ Posi7on of the vertex

‣ Angle w.r.t. reac7on plane

■ In Phenix, even within a vertex class the photon momentum vectors were 
recalculated with respect to a new vertex zmix = (zcurrent + zold)/2 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Peak ExtracCon: π0 peak in Au+Au at √s = 200 GeV

20

Ra7o foreground / background

foreground and scaled background

peak a?er background subtrac7on
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Peak ExtracCon: η peak in Au+Au at √s = 200 GeV

21
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η Peaks in Au+Au at √s = 200 GeV for various pT Bins

22
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Peak ExtracCon: StaCsCcal Error
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Simple example: 
Measure count rate of a radioac7ve source in the presence background

Measurement with Signal + Background:

Background measurement: 

O = S + B
B

Extracted signal:  S = O − B = S + B − B Sta7s7cal Error:  σ 2 = S + 2B

 In case of the π0 yield extrac7on the background is es7mated as  B = f ⋅M

Background from
event mixing 

Background scaling factor

Extracted signal:  S = O − f ⋅M = S + B − f ⋅M

The sta7s7cal error of the extracted yield is then given by: 

σ 2 (S) = S + B + σ 2 ( f )M 2 + f 2M

Hands‐on exercise 1: peak extrac7on
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Geometrical Acceptance
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Geometric acceptance: a = #!0  with both photons on the detector surface
#!0  generated in a certain η  window

Low pT π0 on average have larger opening angles and therefore more like 
escape detec7on. Thus, the π0 acceptance typically increases with pT.

Hands‐on exercise 2: acceptance calcula7on

5.2 Corrections to the Raw Yield 75

 (GeV/c)Tp
0 2 4 6 8 10 12 14 16 18 20 22

ac
ce

pt
an

ce

0

0.05

0.1

0.15

0.2

0.25  PbSc0π
 PbGl0π

 (GeV/c)Tp
0 2 4 6 8 10 12 14 16 18 20 22

ac
ce

pt
an

ce

0

0.05

0.1

0.15

0.2

0.25  PbScη
 PbGlη

Figure 5.7: Acceptance for π0 (left) and η (right) in the PbSc (blue) and the PbGl (red).

5.2.1 Acceptance Correction

The acceptance correction accounts for the limited geometrical coverage of the used
detector. It therefore takes into account both the nominal detector surface in azimuth and
z, and the active detector surface for the specific analysis task. For example, clusters
on towers on the edges of the sectors are not used in this analysis, because in such
a case, a part of the energy is likely to leak outside the detector. Bad towers – i.e.
towers with a wrong or suspicious energy information – are also excluded in the analysis
together with their neighbors, this also has to be corrected for in the acceptance correction.

The acceptance correction is calculated with a fast Monte-Carlo simulation program.
In this program, π0’s or η’s are simulated and decayed with the Jetset library [Sjo94].
The PHENIX experiment is simplified in the program, only the geometry of the EMCal
is modeled there on the base of the single modules or towers, respectively. The original
particles are simulated in a certain pT and rapidity range, the pT distribution is simulated
flat from 0 to 32 GeV/c while the rapidity is between -0.45 and +0.45. The particle vertex
is distributed in a gaussian shape with σ = 30 cm in the same vertex region allowed by
the vertex cut in the analysis, |z| < 30 cm. Only the decay into two photons is allowed
in the simulation program. The program allows the calculation of different detector ac-
ceptances, i.e. considering different possible definitions of the acceptance. The first one is
the nominal geometric coverage of the detector, therefore also including such parts of the
detector that are taken out in the analysis – this acceptance definition could be used only
if the other correction accounts for these towers. The acceptance correction used in this
thesis however is based on looking at the active detector surface only. The active detector
surface consists of all towers that are used during data taking, that are included during re-

Phenix Phenix
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Efficiency (CorrecCon of Detector Effects)

25

ε( pT ) = reconstructed !0  spectrum 
true !0  spectrum in the acceptance

Efficiency:
(or beKer: correc7on 
func7on, it can be 
greater than unity)

■ Any kind of signal loss 

‣ due to analysis cuts (and possibly dead detector areas)

‣ intrinsic limita7ons (e.g., conversion probability in the conversion method)

■ Distor7ons of the signal due to limited detector resolu7on
‣ In par7cular important in case of steeply falling spectra

‣ In heavy‐ion collisions the presence of other par7cles can lead to addi7onal distor7ons
(calorimeter: showers from different par7cles start to overlap and merge) 

Efficiency accounts for

Since the true spectrum is not know one can start 
with a reasonable guess an then iterate un7l the 
efficiency converges

Hands‐on exercise 3: efficiency calcula7on
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Limited ResoluCon and Steeply Falling Spectra (I)
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Figure 6.11: Illustration how the effi ciency is influenced by different shapes of the input spectrum.

dominated by the gain from lower pT, which is larger than the loss for this pT, the feed-

down from higher pT plays only a minor role. This leads to an overall shift of the yield

toward higher transverse momenta and an efficiency larger than one.

The determination of the efficiency is done with different approaches in the analysis

of the Au+Au and the d+Au data and will be discussed in detail, as it represents the

main source of systematic errors. Uncertainties in the !0 measurement directly affect the

extraction of the direct photon signal, as the background is determined mainly by the !0

decay photons.

6.4.1 Efficiency from Embedding

The general idea of this method is to merge the EMCal data from real events with the data

from the simulation of single particles, e.g. !0s. Reconstructing the properties of these

embedded particles allows a detailed study of how the measured spectrum is influenced

by the detector and the high-multiplicity environment. The main advantage of this tech-

nique is that the merged event can be processed within the same clustering algorithm (see

Section 5.2.1) and analyzed within the same framework as the real data. In addition, the

combination with the real event provides the measured behavior of the detector in a high

multiplicity environment, something no simulation can accomplish as accurately.

The various steps toward a determination of the efficiency shall be discussed in the fol-

lowing. We will concentrate on the efficiency determination for !0s. The same procedure

is used for the single photon efficiency (see Section 7.1.1). The framework described be-

low is also used for the determination of the detector response to neutron and antineutrons

as described in Section 7.1.3.

■ In case of steeply falling spectra finite energy resolu7on leads to an overall shi? of 
the yield toward higher transverse momenta

■ The „efficiency“ can thus be larger than unity
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Limited ResoluCon and Steeply Falling Spectra (II)
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116 Chapter 6: Measurement of Neutral Pions in Au+Au and d+Au Collisions
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Figure 6.13: Comparison of the !0 peak position in real events measured with the PbGl and the PbSc with

the results obtained for embedded !0s.

and centrality dependent survival probability for photons p! is introduced. It has been de-

termined by comparing the raw !
0 yields in the real data before (PID0) and after applying

the timing cut (PID1). The !0s are required to satisfy a tight asymmetry cut (" < 0.2),
which limits the energy of the two photons to a similar value. The advantage of this

method is that the two photons are identified via the !0 invariant mass and the energy of

the single photon can be estimated by the average energy of the two photons. This analysis

of the !0 yields the probability for both photons to survive the TOF cut p2!; the survival

probability for single photons is simply given by:

p! =
√
p2!. (6.18)

m(π0) = 135 MeV/c2

■ A consequence of limited energy 
resolu7on:
The measured peak posi7on of a 
correctly calibrated detector lies 
above the nominal meson mass
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A Tool to Study Effects of Large Detector Occupancy:
Embedding
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Figure 6.12:Main program flow of the embedding algorithm.

■ In calorimeters showers are found 
by merging calorimeter cells 
(„towers“)  into so‐called clusters

■ Simulated showers are

‣ analyzed on the empty detector

‣ merged with a real event and the 
analyzed

■ From this one can determine the 
mul7plicity dependent energy 
smearing effect
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Fully Corrected Spectrum
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Figure 6.10: Geometrical acceptance of the PbGl and the PbSc for !0 → 2" within the rapidity interval

|y| < 0.45.

To convert the raw yield of !0s, determined with the EMCal as described in Sec-

tion 6.1, into its Lorentz invariant form and to account for inefficiencies and losses during

the detection of the !0s several correction factors have to be applied:

1

2!pTNin
·
d2N!0

dpTdy
=

1

2!pTÑmb
·

1

a"y(pT)"(pT)cconv c2#
·
#N!0

raw

#pT#y
. (6.13)

The determination of the detection efficiency "(pT) for each centrality selection and

PID cut as well as of the acceptance correction a"y(pT) is described in detail in the fol-
lowing sections. The factor c2# = 0.98798 ± 0.032 is the branching ratio of the neutral

pion decay into two photons [Eid04], which corrects for the fact that the invariant mass

analysis is only sensitive to this decay channel. The correction for !0s lost due to con-

branching ra7o 
for π0→γγ (0.988)

π0 loss due to 
photonconversion

Number of 
analyzed events

acceptance efficiency

Lorentz invariant yield:
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Bin Shij CorrecCon (1/6):
Where to Plot Your Data Points within Wide Bins?
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When measuring hadron yields as a func7on of pT we have to deal with steeply falling spectra. 
Lack of sta7s7cs forces one to use wide bins at high pT. Let f(x) denote the true spectrum. The 
measured quan7ty then is

gmeas =
1
Δx

g(x) dx
x1

x2

∫ where Δx = x2 − x1

The ques7on is where to plot the data point in this case. One frequently observes one of the 
following two methods

xc = x1 + Δx / 2
x =

x g(x) dx
x1

x2

∫

g(x) dx
x1

x2

∫

Both methods are wrong!

Lafferty, WyaK, Nucl. Instr. and Meth. A 355, 541,  1995 

What‘s the problem?

■ the data point is ploKed at the bin center 

■ the data point is ploKed at the center‐of‐gravity within the bin:

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TJM-3YMWRDY-1K&_user=2717328&_coverDate=02%252F15%252F1995&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000056831&_version=1&_urlVersion=0&_userid=2717328&md5=a7b824088ec1c0dd3b53e5f39ea59b27
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TJM-3YMWRDY-1K&_user=2717328&_coverDate=02%252F15%252F1995&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000056831&_version=1&_urlVersion=0&_userid=2717328&md5=a7b824088ec1c0dd3b53e5f39ea59b27
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Reygers

Bin Shij CorrecCon (2/6):
An Example
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g(x) = 104 ⋅ e−6x

chosen bins

Data points at the bin center and the center‐
of‐gravity (,barycentre‘) both don‘t lie on the 
curve!

The correct posi7on can be calculated by
solving (either analy7cally or numerically):

g(xlw ) = gmeas ≡
1
Δx

g(x) dx
x1

x2

∫

g(x) is a priori not known so one has to work 
with a good approxima7on of g(x)

lw = large width
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Bin Shij CorrecCon (3/6):
AnalyCcal SoluCon for an ExponenCal
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Typically an exponen7al is a good approxima7on within a bin and so the following result
is useful:

g(x) = ae−bx ⇒ xlw = x1 +
1
b
ln(bΔx) − ln(1− e−bΔx ){ }

Note that in the special case that g(x) varies linearly with x there is no ambiguity as to where 
to plot the data point:

g(x) = ax + b ⇒ xlw = x = xc

So in case of small bins where the spectrum is well approximated by a linear func7on the 
problem disappears
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Bin Shij CorrecCon (4/6):
Data PresentaCon: Three Examples with Drawbacks
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A well defined solu7on would be to publish a histogram. For 
comparison with theory the theory curve would have to be 
binned in the same way.
Drawbacks:
• hard to read off the shape of the underlying distribu7on
• difficult to compare to other data with different binning

BeKer: Add points ploKed at xlw (easier to see the shape)

Ver7cal lines can be removed. However, horizontal lines 
indica7ng the bins can easily be confused with ver7cal error 
bars (and vice versa)
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Bin Shij CorrecCon (5/6):
SuggesCon by Lafferty and Wya>
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Use short ver7cal lines to indicate bins:
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Bin Shij CorrecCon (6/6):
The Phenix SoluCon
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The data point can also be moved along the ordinate (y axis). Lafferty and WyaK do not 
recommend that
• Philosophical argument: The primary experimental result (gmeas) is modified
• Sum of all bins no longer gives the total number of entries 

For Phenix the key argument to nevertheless do it this way was that it is the only methods 
that allows a straighyorward calcula7on of ra7os between spectra (e.g. RAA)

Here is the procedure:
1. Fit the raw spectrum (i.e., the spectrum not corrected for the bin shi? effect) with g(x)
2. For each bin calculate the correc7on as

3. Repeat steps 1. and 2. un7l r ≈ 1 (typically less than ~ 5 itera7ons needed) 

gmeas
corr = gmeas / r       where  r =

1
Δx

g(x) dx
x1

x2

∫
g(xc )

Numerical example (RHIC):   g(x)∝1 / x7 , x1 = 14, x2 = 16 ⇒ r = 1.042

Hands‐on exercise 4: bin shi? correc7on



Powerweek Data Analysis                                                                                                                                                            Klaus Reygers

Sources of SystemaCc Errors
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(iii) the energy scale (absolute calibration of the calo-
rimeter). The relative contributions of these effects to the
total error differ for the PbSc and PbGl (Table I). The
weighted average of the two independent measurements
reduces the total error. The nominal energy resolution
[17] is adjusted in the simulation to reproduce the true
width of the !0 peak observed at each pT , smearing the
energies with a constant term of 7% for PbSc and !9%
for PbGl. The shape, position, and width of the !0 peak
measured in all different centralities are then confirmed
to be well reproduced by the embedded data. The final
systematic errors on the spectra are at the level of !10%
at 1 GeV=c and !17% at the highest pT (Table I). A
correction for the true mean value of the pT bin is applied
to the steeply falling spectra. No corrections have been
applied to account for the contribution of feed-down !0’s
(mainly coming from K0

s and " decays) which are <5%
based on HIJING [19] simulations.

The event centrality is determined by correlating the
charge detected in the BBC with the energy measured
in the ZDC detectors. A Glauber model Monte Carlo
(MC) calculation combined with a simulation of the
BBC and ZDC responses [20–22] gives an estimate of
the associated averaged number of binary collisions
(hNcolli) and participating nucleons (hNparti) in each cen-
trality bin (Table II). Fully corrected and combined PbSc
and PbGl !0 pT distributions are shown in Fig. 1 for
minimum bias and for nine centrality bins scaled by
factors of 10.

We quantify the medium effects on high pT production
in AA collisions with the nuclear modification factor
given by the ratio of the measured AA invariant yields
to the NN collision scaled p" p invariant yields:

RAA#pT$ % #1=Nevt
AA$d2N!0

AA=dpTdy

hNcolli=#inel
pp & d2#!0

pp=dpTdy
; (1)

where the hNcolli=#inel
pp is just the average Glauber nuclear

overlap function, hTAuAui, in the centrality bin under
consideration (Table II). RAA#pT$ measures the deviation
of AA data from an incoherent superposition of NN

collisions. For pT & 2 GeV=c, RAA is known to be below
unity, since the bulk of particle production is due to soft
processes which scale closer to the number of participant
nucleons [20] than to hNcolli.

Figure 2 shows RAA as a function of pT for !0 mea-
sured in 0%–10% central (closed circles) and 80%–92%
peripheral (open circles) Au" Au. The PHENIX p"
p ! !0 data [16] is used as the reference in the denomi-
nator. The RAA values for central collisions are noticeably
below unity, as found at 130 GeV [9]. This is in contrast to
the enhanced high pT !0 production (RAA > 1) observed

TABLE II. Centrality bin, average nuclear overlap function,
number of NN collisions, and number of participant nucleons
from a Glauber MC [21,22] and the BBC and ZDC responses
for Au" Au at

!!!!!!!!

sNN
p % 200 GeV. The centrality bin is ex-

pressed as percentiles of #AuAu % 6:9 b.

Centrality hTAuAui (mb'1) hNcolli hNparti
0%–10% 22:75( 1:56 955:4( 93:6 325:2( 3:3

10%–20% 14:35( 1:00 602:6( 59:3 234:6( 4:7
20%–30% 8:90( 0:72 373:8( 39:6 166:6( 5:4
30%–40% 5:23( 0:44 219:8( 22:6 114:2( 4:4
40%–50% 2:86( 0:28 120:3( 13:7 74:4( 3:8
50%–60% 1:45( 0:23 61:0( 9:9 45:5( 3:3
60%–70% 0:68( 0:18 28:5( 7:6 25:7( 3:8
60%–80% 0:49( 0:14 20:4( 5:9 19:5( 3:3
60%–92% 0:35( 0:10 14:5( 4:0 14:5( 2:5
70%–80% 0:30( 0:10 12:4( 4:2 13:4( 3:0
70%–92% 0:20( 0:06 8:3( 2:4 9:5( 1:9
80%–92% 0:12( 0:03 4:9( 1:2 6:3( 1:2
Min. bias 6:14( 0:45 257:8( 25:4 109:1( 4:1
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FIG. 1. Invariant !0 yields at midrapidity as a function of pT
for minimum bias and nine centralities in Au" Au at

!!!!!!!!

sNN
p %

200 GeV [0%–10% (80%–92%) is most central (peripheral)].

TABLE I. Summary of the dominant sources of systematic
errors on the PbSc and PbGl !0 yields and total errors on the
combined measurements. The error ranges are quoted for the
lowest to highest pT values.

Source Syst. error PbSc Syst. error PbGl

Yield extraction 10% 6%–7%
Yield correction 8% 8%

Energy scale 3%–11% 7%–13%

Normalization
Total error (%) Stat. Syst. Central Peripheral

Comb. !0 spectra 2– 40 10–17 5 5
RAA 2–45 11–22 14 30

P H Y S I C A L R E V I E W L E T T E R S week ending
15 AUGUST 2003VOLUME 91, NUMBER 7

072301-4 072301-4

Phenix, pi0 in Au+Au at 200 GeV:
Phys.Rev.Le>.91:072301,2003

In neutral pion measurements with calorimeters the uncertainty of the energy scale 
is typically among the dominant sources of systema7c errors

Hands‐on exercise 5: 
Energy scale uncertain7es

http://www.slac.stanford.edu/spires/find/hep/www?eprint=nucl-ex/0304022
http://www.slac.stanford.edu/spires/find/hep/www?eprint=nucl-ex/0304022
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Hands‐On Exercise 1:
Extract Peak Content and StaCsCcal Error
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Real data: Cu+Cu at 200 GeV

■ Goto to „hands‐on/inv_mass/01_peak_extr_CuCu“

■ Run macro „real_mix_fit_v0.C“

■ Modify it to extract the peak content of the π0 and η peak with sta7s7cal errors 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Klaus Reygers

Hands‐On Exercise 2:
Acceptance CalculaCon

■ Star7ng point „hands‐on/inv_mass/02_pi0_acc/pi0_toy_mc_v0.C“

■ The macro simulates π0  decays

■ Calculate the acceptance for π0s with |η| < 0.5 in the range 0 < pT < 10 GeV/c for 
a  virtual calorimeter „VCal“ which covers the full azimuth and |η| < 0.5 

■ Make the macro more efficient at high pT by using a flat pT distribu7on and pT 
weights

■ How important is the use of pT weights in the acceptance calcula7on?

■ Modify the macro to calculate the π0 acceptance for the Alice detector „PHOS“ 
(|η| < 0.12, Δϕ = 100°)
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Hands‐On Exercise 3:
Calculate the Efficiency of VCal

■ The energy resolu7on of calorimeters can be parameterized as
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σ E

E
= a

E / GeV

⎛
⎝⎜

⎞
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2

+ b2 ≡ a
E / GeV

⊕ b

■ The first term is related to the Poisson sta7s7cs of the electromagne7c shower 
(e.g., fluctua7ons in the number of produced scin7lla7on photons) 

■ The seconds term corresponds to detector noise or tower‐by‐tower varia7ons of 
the gain

VCal efficiency:

■ Calculate the efficiency of VCal

‣ a = 8% and b = 5%, lower energy threshold of VCAL: 100 MeV

‣ Asymmetry cut α < 0.7

■ Try different func7onal forms for the input spectrum. How sensi7ve is the 
calculated efficiency to the shape of the input spectrum?
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Hands‐On Exercise 4:
Calculate Bin Shij CorrecCons

■ The shown spectrum is not corrected for bin shi?. It can be parameterized with a 
so‐called Hagedorn func7on. 

■ Calculate (numerically)

‣ The ver7cal bin shi? correc7on for the bin from 6‐7 GeV

‣ The horizontal bin shi? correc7on (i.e., xlw) for the same bin 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1
2πNevt

1
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d 2N π 0

dpTdy
=

A

1+ pT
p0

⎛
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⎞
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n

A = 13.5214,
p0 = 1.02383,
n = 7.25756

Hagedorn parameteriza7on:



Powerweek Data Analysis                                                                                                                                                            Klaus Reygers

Hands‐On Exercise 5:
SystemaCc Errors Related to Energy Scale UncertainCes

■ Calculate the uncertainty of the yield resul7ng from a 1% uncertainty of the pT 
scale for the following two func7onal forms. Plot the ra7o of the pT spectrum for 
the modified and correct energy scale.
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dN
dpT

=
A
pT
n , n = 7

dN
dpT

= Aexp(−bpT ), b = 6 (GeV/c)−1
a) b)

Hint: pT = (1+ ε)pT , dN / dpT = ....

■ Monte Carlo exercise:
Employ the macro for the π0 efficiency to es7mate the uncertainty of the pi0 
yields resul7ng from a 1% uncertainty of the photon energy scale. Use the two 
func7ons above as π0 input spectra.
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Hands‐On Exercise 6:
The final project (I): Puqng it all together

■ Objec7ve:

‣ Analyze the pi0_vcal_data.root data set (in directory „06_pi0_analysis“)

‣ Determine a fully corrected invariant π0 yield as a func7on of pT

■ Answer the following ques7ons
‣ What is the average π0 mul7plicity per event ?

‣ What are the parameters of a Hagedorn fit in the range 1 < pT < 8 GeV/c
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Hands‐On Exercise 6:
The final project (II): Puqng it all together
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■ Intermediate steps

‣ extract the π0 yields in different pT intervals

‣ apply acceptance and efficiency correc7ons (use an alpha cut of 0.7)

‣ apply a bin shi? correc7ons

■ Detailed Instruc7ons

‣ Form analysis teams of ~ 4 people to share the work

‣ Star7ng point: macro ,06_pi0_analysis/ana_v0.C‘

‣ Task 1a) Add a subrou7ne that calculates the invariant mass

‣ Task 1b) ana_v0.C only contains a loop for mixed events, add the corresponding loop for real 
photon pairs

‣ Task 1c) Add a 2D histogram ,pT vs. mγγ‘, write this histogram into an output file

‣ Task 2: Write a peak extrac7on macro that reads the output of ana.C
(star7ng point: macro ,06_pi0_analysis/peak_extract_v0.C)

‣ Task 3: Write a macro that applies the correc7ons to the yields

‣ Compare your final spectrum with that of other analysis teams


