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Abstract

This work is the result from an eight-week summer student pgram at the
Deutschen Elektronen-Synchrotron DESYduring the summer 2008. In here
the rst online data quality results from the 2008 test beam athe Fermi Na-
tional Accelerator Laboratory (FNAL) shall presented. This includes study-
ing the performance of the analogue hadronic calorimeter dog the latest
FNAL test period, which means its quality while operating atdi erent beam
energies as well as stability studies concerning the proed beam.

Zusammenfassung

Diese Arbeit ist Resultat eines acht wechigen Sommer Studeen Programms

am Deutschen Elektronen-Synchrotron DESYim Sommer 2008. Es sollen

hier die ersten Ergebnisse der online Datenanalyse des B#sthls 2008 am

Fermi National Accelerator Laboratory (FNAL) vorgestellt werden. Dies
beinhaltet das Analysieren der Performance des analogendfanenkalorime-

ters wahrend der letzten Testphase am FNAL, was die berpfung der Qualiiat

des Kalorimeters bei verschiedenen Strahlenergien ebense Stabiltatsuntersuchungen
des bereitgestellten Strahls bedeutet.



1 Introduction - The CALICE AHCAL Physics
Prototype

Already years ago one started to think about the next parti@ physics project
following the proton-proton collider LHC at the Conseil Europeen pour la
Recherche Nuckaire (CERN) Due to this fact the next generation of particle
colliders will be the International Linear Collider (ILC) for electrons and
positrons able to deliver center of mass energies up to 1 Tebhe hope is that
this collider will be capable of giving even deeper insighisto the discoveries
from the LHC and thereby point the way to the future of particle physics. The
high precision needed for these measurements requires acedient detector.

Since a typical event at the ILC will be a multi-jet event the @lorimetry plays

an important role to distinguish for example W and £ bosons. fAerefore one
needs at least an energy resolution better than 30%/E (see gure 1).

m,(GeY)

Figure 1: Energy resolution for W and Z bosons in multiple jetnal states.
Left as proposed for the ILC and right as achieved for the LEPxperiments

This can be achieved with high granularity in longitudinal ad transverse
directions for both the electromagnetic (ECAL) and the hadonic (HCAL)
calorimeter. Such a prototype for an analogue hadronic caimeter (AH-
CAL) in combination with the so called particle- ow conceptwas built in
2006 within the collaboration for a CAlorimeter for the Linear Collider
Experiment at the Deutsches Elektronen-SynchrotrodDESY) in Hamburg,
Germany. The AHCAL subgroup has build a in® sandwich calorimeter
called physics prototype with 2 cm steel plates as absorberaterial and
small scintillator tiles as active material. The high grantarity is achieved
by 38 scintillator tile layers (990 cm?) along a depth of 4.5 interaction
lenghts. The rst 30 layers are more sensitive and consist @fL6, the last 8
layers consist due to cost reasons only of 141 single plagtantillator tiles.
The calorimeter consists of 83 cm? tiles in the center (100 tiles), surrounded
by a large area covered with 96X% cm? tiles and nally enclosed by an outer
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ring of 20 1x12 cm? tiles (see gure 2). MC studies show that such a tile
pattern allows excellent longitudinal and transverse reewtruction of the
particle shower. The 7608 tiles in total are read out individally by new

Figure 2: Tile mosaic of the physics prototype

semiconductor based photodetectors called silicon photaltiplier (SiPMs)

that are insensitive to large magnetic elds. Inside is a walength-shifter
ber which illuminate a small photo-detector. Data taking with this pro-

totype started in 2006 at CERN at the Super Proton Synchrotron (SPS)
until 2007 and was continued in 2008 at th&ermi National Accelerator Lab-
oratory, Chicago, lllinois (FNAL) by moving the detector system there to
analyse the response of the detector to low energetic patés (see gure 3).

Figure 3: Detector system at FNAL



2 Physics in a Hadronic Calorimeter

One has in principal to di erentiate between two types of hatbnic calorime-
ters: homogeneous calorimeters consisting of blocks of sewe absorber
material and sampling calorimeters where the particle’'s engy is measured
within active layers that are interleaved with passive absber layers. The
later class was used for the physics prototype discussed éésee gure 4).

A
i
N
Figure 4. Hadronic sandwich calorimeter, absorber mateti@ced) interleaved
with scintillators (blue)

To achieve a good three dimensional picture of the shower cade with
time the amount of active material in front of the calorimete has to be
minimised. That's why besides other devices the hadronic lcaimeter is
placed inside of the magnetic coil for the ILC experiment.

In general a hadronic calorimeter is designed to measure peles that
interact via the strong nuclear force. Most particles by emring the hadronic
calorimeter initiate a particle shower while depositing &lits energy in the
calorimeter down to the threshold of ionisation and excitabns that are
detectable by the readout electronics. The basic mode of apgon of a
calorimeter is the proportionality of the deposited energyo the light pro-
duced in the active layers. It can be detected with photo dettors, that
convert light into an electric signal. The higher the energyf the incom-
ing particle, the more secondary particles it will produceand therefore the
bigger the measured signal will be. Since there is a variety processes in
a hadronic shower that may occur, hadronic showers are broashd deep
and thus complicate to analyse. If a hadronic particle is nanteracting in-
elastically with the absorber material it is only loosing eergy via ionisation
and excitations of the absorber layers. The probability ofush an inelastical
interaction is given by

—_ X= 0-
I:)inelastical =1 e ’

where ¢ is the nuclear interaction lenght It describes the average distance a
high energetic hadron travels through a medium before intacting strongly.
Therefore the scales of the designed hadronic calorimeteavie to be de ned
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by o. In gure 5 a sketch of such an hadronic shower is displayed.h€& path
at the very beginning is as above mentioned de ned by the nwedr interaction
length. The cascade can be divided into three components:ethadronic part,
the electromagnetic part and furthermore the neutron compeent.

Figure 5: Schematic of a hadronic shower development

All these di erent processes were displayed already duringata taking
via the online monitoring histograms and shall be analysed imore detail in
the following chapter.

3 Data Quality Analysis

The experimental setup at the FNAL for the test beam 2008 wase follow-
ing:

Figure 6: Experimental Setup at FNAL in 2008

One can see the four drift chambers followed by a silicon-tgaten ECAL
and the AHCAL. The tail catcher and the muon trigger (TCMT) form the
end of the detector and work in principal with the same techrlogy than
the AHCAL. At the beginnig the Veto ADC Trigger is placed. Mog of the
time the ECAL stood in front of the AHCAL but was removed for sane late
runs in July out of the beamline. The energy of the beam variedetween
1 GeV up to 120 GeV and contained electrons, positrons, pigngrotons
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and muons or a mixture of some of them. In total 60Mio: events were
collected in 2008 wich is equal to 951 runs (see gure 7). Butast of them
were calibration or test runs besides for example electron muon runs. The

Figure 7: Total number of events taken in 2008 at FNAL

goal of my work was to analyse all 2008 physics runs and progict the
end a list including all the good and easy analysable runs fanalysers and
a list with all the problematic runs for the experts to analye them more
precisely. | applied three cuts to all runs. First runs with ¢ss than 10.000
detected events are not used since most of them were stoppea early or
problems occured. Second | am not able to analyse runs with @amergy
smaller or equal to 4 GeV because as one will see later my restomction
methods don't work for these runs (see section 3.1). And nigl | include
only pion and proton runs. So out of all runs only 158, which iabout 16%,
are used for a rst online analysis. The results of these maasments were
plotted in several histograms to give already while runninghe experiment
an impression of the overall quality. All applied settings wre written down
in an electronic logbook on the internet so everybody from & CALICE
collaboration was able to look at the newest data. This is asuseful for
later studies of problems that might be explainable with thenotations in
the logbook. To begin with | did some statistics plots. Figue 8 shows the
number of events taken for di erent energies and di erent inident angles of
the AHCAL towards the beamline at all available energies. Asne can see
the main part of the runs was collected at an angle of Gnd energies around
20 or 30 GeV.
A nice expample event is shown in gure 9. One can see the ECAL,

AHCAL and the TCMT in this three dimensional demonstration & well as
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Figure 8: Overall statistics plot for all energies and all icident angles of the
AHCAL

the hadronic shower starting in the AHCAL and developing fuher on.

Figure 9: Run Number: 330192, Event 1040

The histograms most interesting to me are those displayindn¢ total de-
posited energy in AHCAL and ECAL and the number of hits dete@d in
the HCAL as well as in the ECAL. | also needed some informatioinom the
ADC Veto Trigger and the number of trigger events there. Fuithtermore |
had a look on the histograms from the drift chambers and the EAL con-
cerning beam spread and position. It was the goal to extracumbers out of
the histograms that give general information about the beanand detector
stability for di erent experimental settings. To classiy a typical event one
should rst have a look at the hHcalEnergy Spectrum (Figure Q). In there
are already some of my ts visible that were done by my C++ progam.
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Figure 10: Fitting example of a Figure 11: Graph shows the ap-
30 GeV pion run (Run number plied t to the energy peak of a
500345) 30 GeV pion run

Beginning from the left you rst can see the pedestal peak inrgen. The
pedestal is mainly coming from random trigger events so in ipcipal noise
events internal to the data acquisition that we are collectig to make state-
ments about the detector performance. It follows in red the oon peak. In
this experiment muons are used as the so calldtinimum lonizing Particles
(MIP) , which means a patrticle, that does not at all interact with méer in
our calorimeter and can thus be used as a calibration tool. Annally the
energy peak coming from the 30 GeV pions in this case. | wroteCa+ pro-
gram that is supposed to do the needed ts to the spectrum autoatically
when its given a particular run number and displaying the ragdts graphically
with ROOT.

3.1 Reconstruction of the Beam Energy

As a starting point of my t | take the calibration factor from Mip to energy
in GeV. | determined it out of several energy histograms to aund Mip =
35 GeV. Knowing the beam energy out of the electronic logbook | waie
to calculate the estimated position of the energy peak in thikistogram and
thus t around this position within a range of 30 Mip to the right and 20 Mip
to the left. The t was redone twice, this time using meanvale and sigma
from the latest t within a range of 2.5 to the right and 0.5 to the left.
| always emphasise the right half of the peak which is more iné shape of
a gaussian. The tting result is displayed for the same 30 GeV run than
above in gure 11 where the initial starting point for the tw as at 1050 Mip.
It became obvious that it is impossible for my program to nd eergy peaks
of runs with a very small beam energy as | already mentioned.h€& energy



of these patrticles is so small that you almost can't see theengy peak in the
histogram. That's why | exclude all runs with a beam energy satiler or equal
to 4 GeV of my analysis. As a rst result serve the linearity pbts below (see
gure 12,13). There the reconstructed energy is plotted veus the original
beam energy. For low energies the t is working ne so that thepoints are
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Figure 12: Linearity plot for an- Figure 13: Linearity plot for an-
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matching the 1:1 line quite nice but than the resolution is géng worse.
For higher energies the reconstructed energy deviates sigantly from the
linearity. This behaviour is already known and related to tle non-linearity
response of the SiPM. The run done at 120 GeV is far of the rechdi. As
errorbars the error of the t was taken, which is quite small ad therefore
not visible in the graphs. The energy reconstruction reacke 10% precision
level while points deviating from that have to be checked ftiner (see gure
14).
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Figure 14: Linearity residual showing a precision in recottaction of 10%
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3.2 Mean Value of the Pedestal and the Muon Peak

The following step was to nd the mean value of the pedestal ahthe muon
peak. These values are gained from the hHcalEnergy histogra Since as
well as the pedestal also the muons are energy independent thosition
of the two peaks should not change throughout the whole experent for
di erent beam energies. This is therefore a nice tool to chledhe beam
stability. But still both can move for di erent temperature s sourrounding
the experiment as it was observed during the July data takingeriod. An
increase in temperature follows an increase in the noise éévUnfortunately
those temperature corrections could not be implied to thisery rst online
analysis study. The results for the ts around these two peakcan be seen
in gure 15 for a 30 GeV run of . The position of the applied cuts was
xed from O to 17 for the pedestal and from 17 to 31 for the muongak. By
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Figure 15: Fitted pedestal and muon peak for a 30 GeV pion rumyn number
500345)

integrating the graph within these ranges | obtained the nuimer of pedestal
events and the number of muon events. Out of this | am able to lalate
the percentage of those events over all detected events inegarticular run.

3.2.1 Detector Stability - Noise Distribution

To get a feeling on how stable the detector works | plotted thenean value
of the pedestal peak position versus the beam energy. As aules received
gure 16 and 17. The very right part of gure 17 shows the late dly runs
with no ECAL in the beamline. In gure 16 one can nicely see thevo data
taking periods in May and July. The shift at the right side of tie graph
comes from a shift in temperature from May to July. In contrasthe shift at
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Figure 16: Mean value of the
pedestal peak showing runs from
May and July 2008 at Fermilab.
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Figure 17: Mean value of the
pedestal peak showing runs from
the end of July 2008 (without
ECAL).

the left for all the start-up and comissioning runs is not soasy explainable.
| was able to show that this is certainly due to a real shift in he noise level
(see gures 18, 19). Itis obvious that the position of the twgeaks is moving
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Figure 18: AHCAI Hits spec-
trum showing a shift in the noise

level (Run number 500164 (blue),
500178 (red))
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very strongly form one run to the other. So this still needs tde checked in

more detail by experts.

3.2.2 Detector Stability - Mip Calibration

Here the constance of the position of the Mip peak was teste®y having
a look at gure 20 and 21 it is getting obvious that the peak mogs. The
expectancy value one can calculate out of the number of lagesf the AHCAL
(= 38) times the mean energy of a Mip (= 1.6) and times the detdor



e ciency ( =93-95%). One ends up with roughly around 60 Mip. This
means that all runs with a mean peak position less than 60 Mipakie to be
checked again.
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Figure 20: Mean value of the Figure 21: Mean value of the
muon peak stable at around 75 muon peak without the ECAL n
Mip the beamline

3.3 Integrated Numbers of Pedestal, Muons, Multi-
Particles and Pions

By integrating the tted peaks in the HcalEnergy spectrum wthin the given
ranges one gets the number of pedestal and muons. Further oy lboking
at the Veto ADC Trigger spectrum (see gure 22) one can get thaumber of
multi-particles in the run. Multi-particles are in most cases double particles
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Figure 22: ADC Veto Trigger spectrum to nd the number of muli-particles

that are produced by showers starting already in the beampgpor by hitting
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the target. So in principal they are impurities of the beam. @ derive the
number out of the histogram one needs to know where to starttegrating.

| determined the peak position of the pedestal as well as tha® from the
second peak. By adding the di erence between these two pasits to the
position of the second peak one gets the position of the thingdeak which
is equal to two particles being detected at the same time. Itas decided
to substract fro this number twice the rms of the second peakSo | ended
up at 4440 (see purple line in the graph). Integrating from thre gives you
the number of double particles. The graphs 23 and 24 show thestlibution

of these particle numbers versus the beam energy. One can $e&t for
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Figure 23: Number of pedestal,
muons and multi-particles versus
the beam energy

Figure 24: Number of pions ver-
sus the beam energy

low energies the contribution from the pedestal is up to 80%nd decreases
with higher energies. Compared to this the number of pions,hich means
the number of real physics events, increases also at around & for high
energies. So by this these two plots are somehow correlategurprising is
the large contamination of double particles at all beam engies. So what
has unfortunately happened is an overestimation of the nuneb of double
particles. This e ect also is moved to gure 24 and can be obsesd for the
points with negative percentages at low energies. Figure 86ows how this
miscalculation could have happened. The graph consist of dwoverlaying
spectra. These two runs were chosen because the blue one wes a the
runs having for the number of pions a negative percentage atite red one
doesn't. There is an exponential t applied to the two graphs If those are
extrapolated until the intersection with the x-axis they buld together with
the cut at 4440 a triangle. This area was handled as double piates which
they in fact are not. So this number should be substracted fno the number
of double patrticles.
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Figure 25: Overestimation of multi-particles shown by the BC Veto Spec-
trum for run number 500630 (red) and 500192 (blue)

3.4 Beam Quality - Beam Position

The last chapters were covering the overall detector staliyf. The following
ones shall describe the beam quality in more detail startingith the beam
position. This for sure should be as stable as possible. To hble to make
a statement about this one compares the beam position on thast drift
chamber in front of the ECAL with the beam position measured o the
ECAL. Therefore | tted a gaussian at the histograms measurckby the drift
chamber 1 (see gure 26, 27). The t is done in a way that it ignces the
right part of the histogram. This is where the beam hits the ege of the
drift chamber and therefore is creating an ine cient region To determine
the position of the beam on the ECAL the histogram hEcalYX wagrojected
on the x- and y-axis and the mean value for both de ned (see ge 28, 29).
For all the four plots run 500345 was used. As resulting plotsne obtaines
gures 30 and 31.

The beam should be centered on the drift chamber which corpends
to zero in the graph. However it is shifted slightly to sometimng around 1.
Another point that has to be checked in the near future. The fdative o set
to the ECAL is due to the experimental setup. One sees that thvo graphs
are consistent with each other. Both showing that for lower reergies the
beam position is getting less centered. Since the drift ché®r is 8x8 cm
large it is suggested to have a closer look on all runs with adore position
farer away than 4 cm from the center of the drift chamber. In grph 31 the
points lying on the x-axis are runs where the ECAL was removeaut of the
beamline that's why there are no entries in the ECAL histognan.
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Figure 26: Beam position at the Figure 27. Beam position at the

drift chamber DC1 in x-direction drift chamber DC1 in y-direction
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Figure 28: Beam position at the Figure 29: Beam position at the
ECAL in x-direction ECAL in y-direction
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3.5 Beam Quality - Beam Spread

To obtain the beam spread | used the same graphs this time det@ning
the rms instead of the mean value for all four plots. The two diensional
histogram hEcalYX ( gure 32) already used before gives alagly an idea on
how the results should look like. Figures 33 and 34 are the viting plots.
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Figure 32: Two dimensional histogram hEcalYX monitoring tke beam spread
at the ECAL for run number 500345.

As you can see the beam spread is increasing towards lowerrgies where
the beam can't be focused as good as for higher energies. Als® beam is
always broader in x- than in y-direction for all energies. He all runs with
a beam broader than 3 cm in one direction should be checked aga
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4 Conclusions and Outlook

The highly granular analogue hadronic calorimeter has beeuccessfully op-
erated at FNAI in 2008. Furthermore a rst analysis was perfoned with the
Online Monitoring Histograms by myself during the last 8 wdes. A list with
runs that have to be checked and those that can easily be useat further
analysis is created. But energies smaller or equal to 4 Ge\llshave to be
checked as well as measured points deviating a lot from thepsctations. To

be able to do so the next step will be to use Root-Ntuples to alyge the
data in more detail.
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