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ABSTRACT. The CALICE collaboration is studying the design of highfpemance electromag-
netic and hadronic calorimeters for future Internationalelar Collider detectors. For the hadronic
calorimeter, one option is a highly granular sampling gaieter with steel as absorber and scin-
tillator layers as active material. High granularity is @abed by segmenting the scintillator into
small tiles individually read out via silicon photo-muligrs (SiPM). A prototype has been built,
consisting of thirty-eight sensitive layers, segmented about eight thousand channels. In 2007
the prototype was exposed to positrons and hadrons usingQERN SPS beam, covering a wide
range of beam energies and angles of incidence. The challgfragll equalization and calibration
of such a large number of channels is best validated usimtyefeagnetic processes. The response
of the prototype steel-scintillator calorimeter, inclugilinearity and uniformity, to electrons is
investigated and described.
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1. Introduction

A new generation of calorimeters that exploit unprecedthtgh granularity to reach excellent jet
energy resolution is one of the main R&D goals towards theréutnternational Linear Collider
(ILC) [[]. The particle flow (PFLOW/[[R[]3]]4]) algorithm favsrsingle particle separability over
single particle energy resolution in the attempt to impritnaeeoverall jet energy resolution. Typical
single hadronic showers in the 10-100 GeV range are bestadegan a hadronic calorimeter with
cell size of the order of & 3 cn? [A]. In addition, fine longitudinal segmentation is requirer
PFLOW algorithms to be effective.

The CALICE collaboration[]5] is studying several calorimetlesigns for experiments at the
ILC. With the first generation of prototype detectors newdm# technologies have been estab-
lished for highly granular calorimeters and the stabilifytteese detectors has been demonstrated.
Furthermore, a unique set of data has been collected to badtpnic showers at low and medium
energies in detail with high resolution longitudinal arginsverse sampling.

This paper focuses on the prototype of an analog hadronimedter (AHCAL) consisting
of 38 layers of highly-segmented scintillator plates saictied between 2 cm thick steel plates.
Each scintillator tile is an individual calorimeter celbigkout by a silicon photo-multiplier (SiPM).
Details on the calorimeter structure, calibration and oeéélectronics are given in Sectiﬂ1 2.

Tests using particle beams have been conducted in ordealoag® the performance of the
highly granular calorimeters built by CALICE.

In 2007, the whole detector with 38 active layers was comigrigsl and exposed to muon,
positron and pion beams in the energy range 6 GeV to 80 Ge\idaowy the CERN Super Proton
Synchrotron (SP9T11]), on the H6 beam line. In 2008, the Al@dgether with the ECAL and
TCMC were moved to the FNAL Meson Test Beam Facility (MTBF])1 take data in the 1—
6 GeV energy range over the course of two years.

Ongoing data analyses will quantify the energy and spagisblutions of the prototype for
hadrons, and will continue the validation and further depeient of existing models of hadronic
showers, e. g. the variouse&nT4 [[L3] physics lists. They will also be important for the esipe
mental validation of the PFLOW approadh][14]. The studiethis article focus on the calibration
and performance of the device when exposed to electronsasitigns.

In Section[p, the AHCAL is described, and in Sectjpn 3 theted@eagnetic calibration proce-
dure is discussed. The CERN test beam experiment is deddrnit&ectior] 4. Results on calorime-
ter response to positrons are given in Secfjon 5, followedrbformity studies in Sectiofj 6. Con-
clusions are reported in Sectifin 7.

2. Prototype calorimeter

The AHCAL is a sampling calorimeter with alternating 2 cncthsteel plates and highly-segmented
scintillator-based active layers. The single calorime#dkis a scintillator tile read out via a SiPM.
The scintillator tiles are 0.5 cm thick and have a size of %@um in the 30 cnx 30 cm core region
and increase to 6 crBcm and 12cm 12 cm in the rings surrounding the core. A sketch of one
AHCAL module, as well as a picture of an open module showimgairangement of scintillator
tiles, are shown in Figurfg 1. A wavelength shifting fiber isoentded in the tile, which collects the
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Figure 1. Sketch of one AHCAL module (left). The scintillator tilestwiSiPM readout are embedded in a
steel cassette. The SiPM signal is routed to the VFE eleicsdmcated on the right side. The calibration and
monitoring board (CMB), located on the left side, providas LED light for calibration and the CAN-BUS
readout for temperature sensors located inside the casslton the electronics (red dots). Picture of one
active layer of the CALICE AHCAL prototype (right).

scintillation light and guides it to the SiPM. The other fileerd is pressed against a 3M reflector
foil. The details of one core tile are shown more clearlyrlatehis paper, in the left side of Fig-
ure[1B. The four sides of each tile are matted by a chemicainient providing a white surface
that serves as a diffuse reflector. The two large faces oflthare not individually coated, instead
a large 3M reflector foil is glued to each side of the metal etishosting all tiles providing reflec-
tivity via an air contact. The imperfect reflective coatirigtlee tile edges is responsible for about
2.5% light cross-talk between neighboring cells of 3 cm esige.

SiPM devices from the MEPhI/PULSAR group have been used;imthave an active area of
1.1mmx 1.1 mm containing 1156 pixels, each @&hx32um in size. SiPMs are operated with
a reverse bias voltage of50 V, which lies a few volts above the breakdown voltage, Itegy
in a gain of~10°. A poly-silicon quenching resistor on each pixel is useduergh the Geiger
discharge. The resistor values vary between (bahd 20 M2 for the various batches of SiPM
produced. Larger resistor values have been favored as tilelyaylonger pixel recovery time up to
1 us. In this way a pixel cannot be fired multiple times during somtillator light pulse, though
making it easier to monitor the SiPM response curve with Lightl More details on the SiPM
working principle and its properties are given fh [, 7].

The active layers are referred to as modules, and the suntieé and passive material adds
up to a total depth of 5.3 nuclear interaction lengths.( A more detailed description of the
AHCAL prototype structure is given ir][8]. The analog SiP\grsal is routed to the very-front-end
(VFE) electronics where a dedicated ASIC cHip [9] is usednaitiplexed readout of 18 SiPMs.
The integrated components of the ASIC chip allow to seleetairsixteen fixed preamplifier gain
factors from 1 to 100 mV/pC, and one of sixteen CR2RBapers with peaking times from 40 to
180 ns.



Since the AHCAL was the first detector to employ such a largeber of SiPMs, a specialized
system for monitoring the long-term stability and perfonoa of the photodetectors was required.
In order to monitor the SiPM response function in-situ, asaélfe UV LED light distribution
system was developefl [10]. A calibration and monitoringrd¢€MB) connected to each module
distributes UV light from an LED to each tile via clear fiberBhe LEDs are pulsed with 10 ns
wide signals steerable in amplitude. By varying the voltate LED intensity covers the full
dynamic range from zero to saturation (about 70 times thmasigf a minimum-ionizing particles).
Furthermore, the LED system monitors variations of SiPMgaid signal response, both sensitive
to temperature and voltage fluctuations. The LED light ftseinonitored with a PIN photo-diode
to correct for fluctuations in the LED light intensity.

3. Calibration procedure

One of the aims of the tests discussed here is to establidiableeand robust calibration chain.
This requires measurements with beam particles and with figm the LED monitoring system.
The calibration chain is summarized in the following steps:

¢ calibration of the cell response and cell-to-cell equéiirg
e monitoring of the SiPM gain and corrections for the nondineesponse;
¢ calibration to an energy scale (in GeV) with electromagnstiowers.

The cell-by-cell calibration, and with that the equalimatiof all cell responses, is performed
using minimume-ionizing particles (MIPs) provided by a lilcauon beam with an approximately
Gaussian profile with a width of about 30—40 cm, illuminatalgcells in the detector. For each
cell, a calibration factoiCMP, is determined from the most probable value of the measurerg
spectrum for muons in ADC units, which is extracted with a $ihg a Landau function convolved
with a Gaussian. This fit accounts for the distribution ofrggdoss of muons in the scintillator
tiles as well as for contributions from photon countingistats and electronic noise. The combined
systematic and statistical uncertainty for these fits waE&jly on the order of 2%. The muons are
generally parallel to the beamline and perpendicular ta#tector front face. In this way all cells
can be calibrated at the same time, minimizing the impaamiperature induced variations.

The SiPM gain and photo-detection efficiency are tempegalependent. The product of the
two determines the SiPM response, which typically decielye3.7%/K. A procedure has been
developed to correct temperature-induced variationsdrcéhorimeter response using temperature
measurements in each module. This procedure and its stalill be described in more detail
in [[[(3]. For the analysis presented in this paper, data sssripve been selected to cover a tem-
perature range of less than 0.5 K to reduce the impact of sogieations. To account for the
included temperature variations, the visible energy ohedata set is scaled by -3.7%/K to the
average temperature of the muon data used for calibration.

The number of SiPM pixel; [pix], firing for a single celi is related to the ADC value for the
cell, AJADC], and the corresponding SiPM gai@?*[ADC] by A [pix] = A [ADC]/CP*[ADC].
The procedure to obtain the gain of each individual SiPMssuaised in Sectidn 3.1.



The limited number of SiPM pixels leads to a non-linear resgofor large signals. These
effects are corrected for by a functiofyg( A[pix]), depending on the number of fired pix@lgpix].
This procedure is discussed in detail in Secfioh 3.2.

Finally, a common calibration factow, scales the visible energy of electrons in each cell
in units of MIP to the total deposited energy in units of GeMisTfactor is determined to be
w = (4234 0.4) MIP/GeV, as discussed in Sectiph 5.

Therefore, in summary, the reconstructed energy of elecigmetic showers in the calorimeter
is expressed as
5i Ei[MIP]

wMIP/GeV|’ Gy

ErecdGeV| =
where the energy of one single cell with indeis E;. The energyE;, given in units of MIP is
calculated according to

e (i) = A LDE t A pix). (3.2)

3.1 SiPM gain and electronics inter-calibration factors

The gain of each individual SiPM is extracted from singletpltectron spectra taken in dedicated
runs with low LED light intensity. LED light is necessary dmtbest determination of the gain
requires a single photoelectron spectrum with a Poissomroéabout 1.5 p.e. and the mean
obtained from dark noise events is below 0.5 p.e.

The SiPM gainGf", is the distance between two consecutive peaks in the spigitoelec-
tron spectrum. A typical gain spectrum is shown in Figdre 2malti-Gaussian fit is performed
to the single photoelectron peaks to determine their aeeraigtive distancg17]. The mean of
each Gaussian function in the multi-Gaussian sum is leftfemegparameter. Before fitting, a peak
finder routine is used to set each peak mean value to the appa@xiocation of the corresponding
photoelectron peak. It has been seen that fixing the distaeteeen peaks to one common pa-
rameter reduced significantly the number of converged fitee Width of each Gaussian function
is dominated by electronic noise, but for large number oélgiXired the statistical contribution
becomes visible, which lead to an increase of the peak wigtthordingly, the width of each peak
is left as a free parameter. Finally, the SiPM gain is defimedhfthe fit result as the distance
between pedestal (peak zero) and second peak divided byAwadditional consistency check
is performed to ensure the distance between pedestal ahddak agrees with the defined gain
value at better than 2%. Gaussian fits to peaks higher thaBrthene are not directly used in
determining the gain, but their proper description helpsriprove the stablity of the fits and to
avoid bias on the peak position. The uncertainty on the geaterthination is mainly due to the fit
and is about 2 % for fits which pass quality criteria.

SiPM gain measurements were repeated approximately eigiy lours during test beam
operation. The SiPM gain varies with temperature and tha geasurements can be used to
stabilize the calorimeter response over time. The temperatependence of the SiPM gain is
further discussed i [15]. The efficiency of the gain exiacts defined as the number of successful
fits in one gain run divided by the number of channels whichlwacalibrated. About 2% of all
SiPMs are considered inactive because of initially badesoid or subsequent broken connections
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Figure 2. Single photoelectron peak spectrum taken with a SiPM in tHEAL detector.

to the SiPM leads. Additionally, about 0.11 % of all chanrets connected to a broken LED. All
these channels are not accounted for in the total of chatimstiean be calibrated.

The efficiency of the gain extraction with one measurementisundicative of the quality of
the LED monitoring system, namely the small spread of LEDtligtensity. Figurg]3 shows the
efficiency of the gain extraction for a series of runs takethafirst three months of data taking at
CERN and in the first three months at FNAL. Initial problemsidg the system commissioning
phase led to low efficiency, but after commissioning a gainaetion efficiency of about 95 % per
run has been achieved. The gain efficiency was also stakeletefhsportation and throughout the
FNAL runs. Combination of several gain runs yields calitarabf more than 99 % of all cells. The
remaining 1 % of cells are calibrated with the average of tbheulte to which they belong.

The measurement of SiPM gain is performed with a special nobtiee readout chip, with a
choice of high pre-amplification gain and short peaking tohB0 ns which improves the signal to
noise ratio at the single pixel level. In contrast, the mualibcation and the physics data taking
are performed with approximately ten times smaller eledtr@mplification, to optimally fit the
available dynamic range, and about 180 ns peaking time togeaufficient latency for the beam
trigger. The inter-calibration factol;, of the chip gain between the calibration mode (CM) and
the physics data mode (PM) along with the SiPM gain are usetetermine the overall SiPM
calibration factorC"[ADC], used in Eq[3]2:

CP* = Gft[ADC(CM)]/I;. (3.3)

The extraction of the inter-calibration coefficients degenn the linear response of the chip
in both modes for an overlapping range of input signals. Tipet signal is provided by the LED
system injecting light into the tiles. The amplitude of thgnal is varied within the linear range
by varying the LED light intensity. The response in each oesidnode is fit with a line, and
the ratio between the two slopes is the inter-calibratiogffcment for one given readout channel.
Ideally, this factor should be a simple constant betweertivechip readout modes, but it turns
out to depend on the SiPM signal form due to the different sigapmes in the two modes. For
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Figure 3. Gain calibration efficiency (left) and electronics intetdibration efficiency (right) over the AH-
CAL data taking period at CERN in 2007 (red dots) and at FNAR®8 (open blue triangles). More than
85.0 % of the channels could be monitored for gain and irgdibiation variation during these periods.

longer SiPM signals (larger quenching resistor) the intdibration is bigger than for shorter SiPM
signals (smaller quenching resistor). The inter-calibrafactors between the chip readout modes
range between 4 and 13.

As with the gain, the inter-calibration extraction effioigris influenced by the quality of the
LED light distribution system. The inter-calibration cbeient extraction efficiencies during the
2007 and the 2008 data taking periods are plotted in FiguragBt). After commissioning was
completed, all channels with the exception of the 2 % inaatlvannels and the channels connected
to a broken LED, could be inter-calibrated. For the missimtgri-calibration values the average of
the module to which a SiPM belongs is used instead.

The uncertainty on the inter-calibration coefficient hasrbestimated from the comparison of
several runs and is found to be better than 1 %. Temperatdrediage changes do not affect this
coefficient since it is mainly driven by the stability of thersponents of the readout chip and of
the SiPM guenching resistor, all of which are stable in a eanfh—10 degrees.

3.2 SiPM non-linearity

Due to the limited number of pixels and the finite pixel reagviame, the SiPM is an intrinsically
non-linear device. The SiPMs used in the AHCAL have a totdlldd6 pixels with a recovery time
between 25 ns ands, depending on the value of the quenching resistor.

The response function of a SiPM correlates the observed eunflpixels fired,Nyix, to the
effective number of photoelectrons generatsgh, including cross-talk and after-pulses. The re-
sponse of a SiPM can be approximated by the function

Npix = Neot - (1 — eine/Nlm% (3.4)



with N the maximum number of fired pixels. This formula is a usefydragimation for the case
of uniform light distribution over the pixels and short lighulses. In the analysis presented here,
we do not directly apply this formula but use tabulated messents instead.
The correction function applied in the calibration chaii(B.2) is the residual to linearity of
the inverted SiPM response function,
1 109(1 — Npix/Neot)

fsat(Npix) — m —1/Nt0t . (35)

The correction factor is close to unity for signals of abodpBels or 2 MIPs, and increases
exponentially up to infinity for signals in saturation. A chkds made to ensure that no unreasonable
correction factor is applied. In practice, the largest ection factor is~ 5.

The response curves of each SiPM has been sampled with 2Qimaeesnt points on a test
bench setup illuminating each SiPM with LED light of variabhtensity. For these studies, the
SiPMs were not mounted on tiles, but were bare SiPMs. Thexe#dl the pixels have been illu-
minated with light in a homogeneous way. The measuremeulisder all SIPMs installed in the
AHCAL are given in [B]. The maximum number of fired pixeli(bare)) for each SiPM is ex-
tracted with a fit to the measured points using Ef.3.4. Theesp(RMS) in the values d(bare)
between all the curves is about 20 %. SiPMs Witk (bare) > 900 have been pre-selected. This
ensures not too large variations in the non-linear respmsgion of each device. The 20 mea-
surement points for each SiPMs are stored in a database e#r linterpolation of these points is
used to calculatés, from Eq[3.p and linearize the calorimeter response durirtg ceconstruction.

Alternatively, Ni; has also been extracted using the AHCAL LED monitoring systeom
measurements with the with SiPM mounted on a thg,(mounted)). As the saturation point
in number of pixels is independent on the linearity of thénjgno correction of the LED light
intensity with PIN diode has been applied for this study.uFéfd shows the ratio d(mounted)

8 L B B LR
= Entries 4529 1
$400 Mean  0.8054 7]
** [ RMS  0.09076 ]
300 | .
200 .
100 F .
PR I T T

0 0.5 1 15

. 2
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Figure 4. Ratio of maximum number of fired pixelsio:(mounted), measured with SiPM mounted on a tile
to Nyot(bare) measured directly with bare SiPMs.



to Niet(bare). The plot shows that the maximum number of pixels énithsitu setup is on average
80.5 % of the value determined in the laboratory sefup [16f wiwide distribution (RMS=9 %).
This factor is interpreted as geometric mismatch betweerMih.S fiber and the photodetector.
The fiber has a 1 mm diameter while the SiPM active surface iaréx 1 mn¥; the geometric
ratio between areas is 79 %, in agreement with the measuhee. veherefore, only a fraction of
the SiPM surface is illuminated and the laboratory curvesrarscaled by the measured value of
80.5 % to correct for this effect before they are used to coifer the SiPM saturation.

The uncertainty of the determination of the saturation pfmna single channel is lower than
3%, if the LED light range properly covers the SiPM satumatiegion, and if this region is mea-
sured well below the ADC saturation. Unfortunately, theeaditions are true only for a sub-
sample of about 73 % channels. Also judging from the tail®iendistribution of Figur§]4 some of
the fitted results need to be investigated more accuratehthis reason, an average scaling factor
is used for all channels. Further studies will address thesipdity of using a channel-by-channel
factor instead. Furthermore, the measured SiPM resporises pioom which the correction of non-
linear detector response is calculated, are affected b@itPk! gain uncertainty of 2 %, discussed
in the following section.

4. The test beam experiment

4.1 The experimental setup at CERN

The data discussed in the following were collected in July72&t the CERN SPS test beam facility
H6. A sketch of the experimental setup is shown in Fidyre 5.arAfrom the fully equipped
AHCAL and a prototype of a tail-catcher and muon tracker (TC[g]), the beam installation
consists of various trigger and beam monitoring deviceshrasholdCerenkov counter was used
to discriminate between electrons and pions. The beametriggs defined by the coincidence
signal of two plastic scintillator counters with 2010 cn? area, referred to as Scl and Sc2 in
Figure[5. One scintillator trigger (V1), with an area of 2@0 cn? and analog read out, tagged
multi-particle events. Another scintillator with a 180100 cn? surface and a 28 20 cn? hole
in the center (V2), was used to reject the beam halo. Threxydele chambers (DC1, DC2 and
DC3) were used to monitor the beam and reconstruct trackentEvagged by a scintillator with
100x 100 cnt area (Mc1), placed behind the TCMT are most likely to be muons

During most of the tests, a silicon tungsten electromagrztlorimeter [19] was placed in
front of the AHCAL, but this was not the case for the resultsorted here. The AHCAL was
placed on a movable stage, which could shift the detectdica#ly and horizontally. In addition,
the detector can be rotated with respect to the beam direfrtion an angle of 90(beam normal
to the detector plane) to approximately’60

4.2 Monte Carlo simulation

The test beam setup as shown in Figdre 5 is simulated with BI@R®], a GEANT4-based [[13]
Monte Carlo program, followed by a digitization package Wmting the response of the detector
and electronics. The patrticle source of the simulation isitmmed upstream of th€erenkov
detector. The beam position and spread are chosen to mattiedim shapes measured in data by
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Figure 5. Top view of the CERN beam test setup. The plot shows the im&ntation in 2007 (thg-axis
is not to scale). The beam enters from the left side. Seedexixplanations of the components.

the delay wire chamber, DC3. The beam particles are patallie beam axis, according to the
measurements in the three delay wire chamber detectoran@texial upstream of the AHCAL is
simulated. The sub-detectors are simulated with diffdeamis of detail, depending on their impact
on the physics analysis: material simulation only for @erenkov counter, raw energy depositions
stored for the trigger counters, and partial electroniosutation for the tracking detectors. For the
AHCAL, the simulation gives the raw energy depositions irireual scintillator grid of 1x 1 cn?

tile size. The simulation is followed by a digitization peuture, which takes into account

o the realistic detector granularity,

e light cross-talk between neighboring tiles,

e non-linearity and statistical fluctuations on the pixellsca
e SiPM and readout electronics noise.

The actual geometry of the AHCAL is simulated by summing up slgnal yield of 9 (36, 144)
virtual cells to obtain those of the actual geometry 3(6 x 6, 12 x 12) cn® cells.

Light cross-talk between neighboring cells, due to the ifgo reflective coating of the tile
edges, is simulated assuming that from each 3 cm-long tije 8 % of the scintillator light leaks
homogeneously to the neighboring tile. This value is sctdédke into account the fraction of edge
shared with the neighbors for cells of different size. Thevant of light cross-talk was checked
experimentally only for two tiles. The leakage from one ¢éilge was quantified to be about 2.5 %.
No information on the spread of this value between all tiegiven. This value is expected to
influence the energy reconstructed and the transverse sipogfde. From the comparison of the
energy reconstructed in simulation and data, the valuesd¥aXor the light cross-talk on each tile
edge is found to be adequate. A light cross-talk of 1.25 % @5 % leads to a difference in the
energy scale between data and Monte Carlo larger then 5 %.

To simulate the non-linear behavior of the photodetectiws.energy deposition is translated
from GeV to the number of fired SiPM pixels. For this, an intediate step converts the response
simulated in units of GeV to MIP equivalents. The converdactor is estimated from the simu-
lation of an 80 GeV muon beam in the AHCAL and is found to be 83%/KIP, corresponding to
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the energy lost by a minimum ionizing particle in the sciatdr. The amplitude in units of MIPs

is then converted into pixels, using the measured lightdyfel each individual channel. With

this scale the measured SiPM response curves from the tesh bee used to simulate the SiPM
non-linearity. Where not available, the curve of the nexghieoring tile is applied.

If Npix is the amplitude in pixels obtained this way aNgay is the saturation level of the
individual channel, statistical effects are accountedbfpgenerating a binomial random number
with Nmax repetitions and a probability ®pix/Nmax. The result is treated as the number of pixels
firing for this specific event, and is translated back to th&gtale with the channel-specific light
yield.

At this stage, the Monte Carlo signal simulated the respafisie AHCAL to the energy
deposited by particles in an event. However, both the epicircomponents and the SiPM dark
current induce noise. This noise component is assumed tarbpletely independent of the physics
signal amplitude in each channel and thus is taken into axtdyuadding to each Monte Carlo event
a MIP-calibrated random-trigger event from data.

After addition of noise, simulated events are assumed tabiaent to MIP-calibrated data
and are treated the same way for all successive steps. Aaebdould not be calibrated in the real
detector, either due to an inactive photodetector or toingssalibration values, is also ignored in
the simulation. This is about 2 % of the total number of cellthie calorimeter.

5. Calorimeter response to positrons

5.1 Selection of positron events

The analysis presented here is based on positron runs refdeznd 50 GeV. Each energy point
has more than 150k recorded beam triggers. All positron haws been simulated with statistics
similar to the corresponding data runs.

Single positron showers are selected for analysis usingghm instrumentation. Although the
beam configurations are set to deliver a positron enrichathbeome contamination, mainly from
muons, exists. The pion contamination is expected to begilelg, since the tertiary positron beam
is produced from a higher-energy mixed beam impinging ome(thXp) lead target which does not
result in the production of lower-energy tertiary pions.eThuon contamination originates from
in-flight decay of hadrons upstream of the production targéich results in a muon component
that passes the momentum selection.

Cells with a signal above threshold are called hits Bpg> 0.5 MIP is required. To reject
empty events that can occur due to random triggers or sedtgarticles, the number of hits has to
be Nhit > 65. Furthermore, the energy weighted center-of-gravithébeam directiornz], defined
as(z) = Y;zE/ 3 Ei, has to bgz) < 390 mm (about half of the calorimeter depth). This require-
ment eliminates muons, which deposit their energy equadliyiduted over the entire calorimeter
depth, as opposed to electrons which have a short showeiigedtin the first half of the calorime-
ter. It was found that this muon rejection was more efficiérintthe selection based either on
the Cerenkov counter, which does not provide electron-muomrsgipn for 30 GeV and above,
or on the muon trigger Mc1 which has an efficiency of about 5@%rticles which interact in the
material upstream of the AHCAL are removed by requiring adgtvack in the delay wire cham-
bers {(2/dof < 6), and a MIP-like energy deposition in the multiplicity cder (V1). With these
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Figure 6. Hit energy spectrum for 40 GeV positron showers comparelabdf 40 GeV and 80 GeV pion
showers from a GANT4 simulation.

selection criteria, 45 % of all recorded events at 10 GeV acepted. According to Monte Carlo
studies 99.9 % of all electron events pass the selectiogrieritvhereas 99.8 % of all muon events
are rejected. The typical fraction of muons in a run is abeli0 S6.

The uncertainty on the mean energy of the beam is reportddlirtg be

AEbeam . O 12
Ebeam Epeam[GeV]

The first term is related to hysteresis in the bending magnéike the calibration and the un-
certainties on the collimator geometry give the constamhteSince this uncertainty is negligible
compared to the detector uncertainties, we assume the bsengydo be fixed. The dispersion of
the beam energy can be calculated according fo [22] frometimgs of the momentum selecting
collimators on the beam line and is below 0.24 % for all thesrimthis analysis.

$0.1%. (5.1)

5.2 Linearity

The linearity of the calorimeter response for a large rangmadent particle energies is a key
feature, which allows for an important test of the calilmatchain. Electromagnetic showers offer
the most rigorous test for non-linearity correction, sitice energy deposited per single tile in
an electromagnetic shower is larger than that in a hadrdrower for the same particle energy.
Figure[§ shows the hit energy spectrum of a 40 GeV positromwehceompared to the spectra of
40 GeV and 80 GeV pion showers. The positron shower cleadyniare hits with high energy
deposition, even when the total particle energy is only thelf of the pion.

A set of positron runs with incidence normal to the centethefdalorimeter face is analyzed.
To minimize the influence of noise, the energy is summed upciyliader around the shower axis,
where the shower axis is defined by projecting a track formdtie tracking system into the first
layer of the AHCAL. This cylinder, sketched in Figure 7 (Jefbas a radius of 5 Moliére radii
(r =5 Ru, with Ry = 2.47 cm [8]), which ensures a lateral containment of more ti#6 ®f the
shower energy.
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Figure 7. The shower energy is summed up in a cylinder (left); see axdétails. Spectra of the energy
sum for positron data with energy between 10 GeV and 45 Gejiitlri For each spectrum the mean energy
response in units of MIEEmean is Obtained with a Gaussian fit in the rang2o.

The lengthL of the cylinder is chosen to contain the whole shower enefgy.suggest by
simulations of 50 GeV electron showers, setting L to 20 Ilayantains the showers. Figuie 7
(right) shows the final reconstructed spectra for positrorsrin the energy range 10 to 50 GeV.
The positrons are normally incident on the calorimeter tfifane, with a distribution centered in
the same calorimeter cell for each run. The distribution tisvfth a Gaussian function in the
rangex20. The position of the peak is taken as the mean energy respBrsg, measured in
units of MIP. The reconstructed energy of a 10 GeV positrawsn is compared to the digitized
energy from a Monte Carlo simulation in Figude 8. The agregrbetween data and simulation is
satisfactory.

The statistical uncertainties on the mean energy depositie negligible. The main source of
systematic uncertainties is 2 % from MIP scale calibratidhe uncertainty of 2% on the SiPM
gain determination, resulting from the fit stability and thecertainty on the determination of the
SiPM saturation level both affect the correction of the SiRdm-linear response. For the satura-
tion level a common re-scaling factor is applied to all SiPives determined in the laboratory
setup. The rescaling is needed to account for the partishitiation of the SiPMs from the WLS
fiber as discussed in Sectipn]3.2. As shown in Fidlire 4, the baetween the in-situ measured
SiPM saturation level and the test-bench determined veadigeahwide distribution. Since a com-
mon factor of 80.5% is used to rescale all SiPM response sui@ uncertainty of 11.3% on
this value is assumed, which represents the spread of aflureshvalues as taken from Figute 4.
To account for this uncertainty in an uncorrelated way foS#PMs, 100 experiments have been
performed assigning different rescaling coefficients fachechannel, generated randomly with a
Gaussian distribution centered at 0.80 and with a sigma0$&k. or each experiment the energy in
the calorimeter is reconstructed, using the set of curveasated by these randomly generated co-
efficients to correct the non-linear SiPM response. Findily one standard deviation spread of the
100 reconstructed energies from these simulated expetsimetaken as the systematic uncertainty
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Figure 8. Reconstructed energy of a 10 GeV positrons for data (dotsjarMonte Carlo (filled histogram),
as well as a Gaussian fit to data (blue line).

for the reconstructed energy. All of the above listed systi@cruncertainties are uncorrelated and
thus added in quadrature. The total systematic uncerteamyes from @ GeV (2 %) at 10 GeV
to 1.7 GeV (3.4 %) at 50 GeV.

The reconstructed energy in GeV is obtaineEas, = Emean/W, Wherew is the electromag-
netic energy scale factor (MIP-to-GeV). The scale factdeigrmined with a linear fit from zero to
50 GeV to the distributiofEyea{MIP] versusEpean{GeV|. The resulting values for data and Monte
Carlo arewgaia= (42.3+0.4) MIP/GeV andwyc = (42.0+ 0.4) MIP/GeV, respectively. Within
the uncertainties, the scale factors are in good agreement.

The linearity of the AHCAL response to positrons is shown igufe [9. A comparison of
the data before and after correction for the SiPM non-limeaponse indicates the magnitude of
this correction, which does not exceed 10 % even at 50 Ge\frpn®nergy. The values shown in
Figure[d are reported in Talfk 1.

The residuals for data and Monte Carlo are presented in &{ffr Here, the green band
indicates the quadratic sum of the energy dependent systeumzertainties. In Table 1 the con-
tribution to the uncertainty from the SiPM gain variatioﬁﬁai”, and from the saturation point
determinationgg®are listed. The uncertainty on the MIP scalP, cancels in the ratio since the
same calibration constants are used in data and Monte @affigure[ID (left), the residuals from
the linear function suggests a non-zero offset at zero gndigs negative offset is the combined
effect of the 0.5 MIP threshold (loss of energy) and the detewise (addition of energy). Instead
of the more conventional linear function with= 0, the functionEmean= a- Epeam+ b can be used
to fit the data in the range 10-50 GeV. A valuebof —10.3+ 7.4 MeV is found for the Monte
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Figure 9. Linearity of the AHCAL response to positrons in the range3®&eV. The blue dotted line shows
exact linearity. Dots correspond to data corrected for SifelHinear response, blue triangles show the data
before this correction, and the open triangles show thelsiiion. The green band indicates the systematic
uncertainty as quoted in TableA®! [GeV].

Carlo offset. Once this offset is removed the Monte Carlediity is better than 0.5 % over the
whole range, as shown in the right plot of Figfirg 10.

The deviation from linearity (Fig. 10 left) in data is lessithl % in the range 10 to 30 GeV
and the maximum deviation is about 3% at 50 GeV. The remainomglinearity at high energies
hints at problems with the rescaling of the saturation csines described in Sectign [3.2. This
behavior is not sufficiently reproduced in the Monte Carlgitiiation, where the same curve is

Data MC
Ebeam Ereco 5|¥| P [%] 6|(£3ain [%] 6|§at [%] Até)t [GeV] Ereco Até)t [GeV]
10 9.9 2.0 0.3 0.4 0.2 9.9 0.2
15 15.0 2.0 0.5 0.8 0.3 15.0 0.3
20 20.1 2.0 0.7 1.2 0.5 20.2 0.5
30 29.9 2.0 1.1 1.8 0.9 30.4 0.9
40 39.3 2.0 1.2 2.3 1.3 40.8 1.3
50 48.3 2.0 1.4 2.6 1.7 51.0 1.8

Table 1. AHCAL energy reconstructed in data and MC (in units of Ge\fMarious positron beam energies.
The table reports the values plotted in Figure 10. The syatierancertainties for data are detailed in their
percentage values. The total absolute efris the sum in quadrature of the uncertainties on the MIP, on
the SiPM gain and on the saturation point determination.
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Figure 10. Residual to a fit of the data and Monte Carlo points presemtﬁiig'ure[p using, the function,

y = ax, (left), and the functiony = ax+ b (right), in the range 10-50 GeV. Dots correspond to datapgpet
triangles to simulation. The green band indicates the suguadrature of the energy dependent systematic
uncertaintiespS3" and 582 in Table 1.

used to simulate saturation as is used to correct for it.

The impact of the saturation correction is better seen imreif] where the energy per hit
is shown with and without the correction facty,; applied, for 30 GeV electromagnetic showers.
Whereas the correction is negligible for low signal amplés, it becomes significant at larger
amplitudes, resulting in a strong correction for the taithed distribution. The maximum energy
deposited in one cell for a 30 GeV electromagnetic showerd30 MIPs corresponding to about
3450 pixels (assuming a light yield, LY = 15 pixel/MIP). Fbid amplitude the correction factor is
fsa(Ai) ~ 3.1. The remaining miss-match between data and Monte Carimerb00-200 MIPs is
an effect of the non-perfect correction of the non-lined&Niresponse. This imperfect correction
affects only a small fraction of the total energy; the hitexab50 MIPs contribute only 0.5 % (4 %)
of the total energy at 10 GeV (40 GeV).

5.3 Electromagnetic energy resolution

Energy resolution is a principal figure of merit in calorimyeand is estimated as the width divided
by the mean of a Gaussian fit to the energy sum withio of the mean of an initial fit over the
full range. The resolution achieved with the AHCAL is plattas a function of the beam energy
in Figure[IR. The values shown in this figure are reported biefa. Fitting the AHCAL energy
resolution in a range af2g, with

E_ % apa= (5.2)

results in a stochastic term af= (21.9+1.4) %, /E [GeV], whereas the constant termbis- (1.0+
1.0)%. The noise term of = 58.0 MeV is extracted from the spread (RMS) of the random trigger
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Figure 11. Hit energy spectrum for 30 GeV positron showers in the AHC®bpen circles (dots) show the
data before (after) correction for the non-linear respaigbe SiPM. The insert shows the hit distribution
in a linear scale.

event distribution and kept constant during the fitting pohare. The energy resolution agrees well
with that of an earlier prototype (Minical) with 108 chanmeind of the same sampling J24], that
was tested in the energy range between 1 and 6 GeV and reackemlion with a stochastic term
a=(20.7+0.7)%+/E [GeV] and a constant terim= (2.6 + 1.3) %.

The energy resolution of the simulation is found to have alsetic term ofa = (215+
1.4)%.,/E [GeV], a constant term df = (0.7+ 1.5) % and again a fixed noise termof 58.0 MeV.
Within the fit uncertainty, the stochastic terms of data dndikation are in good agreement. The
noise term is fixed to the same value as for data since the imdise simulation is artificially added
from random trigger data events. The constant tbymepresenting calibration uncertainties and
non-linearities, should be zero in the simulation, sineedhme curves are both in the simulation
of the non-linear SiPM response and in its correction.

5.4 Shower profiles
The longitudinal profile of a shower induced by a particlehwititcident energ¥ in GeV traversing
a matter depth can be described ag[23]

f(t) = % = at®.e ™, (5.3)

where the parametex is an overall normalization, and the parameterand b are energy and
material-dependent. The first term represents the fasteahise, in which particle multiplication is
ongoing, and the second term parametrizes the exponehndaies decay. Given this parametriza-
tion with t in units of radiation lengths, the particle multiplicatiand the energy deposition reach
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Figure 12. Energy resolution of the AHCAL for positrons (dots). Thealesion agrees with that of a
previous prototype (full triangles) with the same samplétigicture. The errors are the quadratic sum of
statistics and systematic uncertainties. The open trésnayle the obtained from the analysis of the digitized
simulated events.

Data MC
Epeam[GeV] | 0g/E [%] Uncertainty [%] | og/E [%] Uncertainty [%]
10 7.11 0.47 6.90 0.49
15 5.83 0.36 5.45 0.38
20 4.95 0.32 4.90 0.34
30 3.97 0.29 4.00 0.31
40 3.54 0.26 3.51 0.27
50 341 0.25 3.07 0.26

Table 2. AHCAL energy resolution in data and MC for various positraaim energies. The table reports
the values plotted in Figure 13. The listed uncertaintieduitle statistical uncertainties and systematic
uncertainties added in quadrature.

their maximum after

E
tmax = [In —- 0.5} (5.4)

C

radiation lengths from the beginning of the cascade of agbamvith energyE. The critical energy,
& is a property of the calorimeter material and does not depétite energy of the particle. The
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Figure 13. Longitudinal profile of a 10 GeV positron shower in unitsXef (left) and scaling of the shower
maximum as a function of the incident energy (right). Theoretructed energy (left plot) is shown for data
(solid points), simulation (shaded area) and a fit to the dsiteg Eq. 4.2 (line). The bottom insert shows the
data/Monte Carlo comparison. The shower maximum (right) jgcshown for data (dots), simulation (open
triangles) and the theory expectation given in Eq. 4.3 ¢doie).

positiontyax is called the shower maximum.

The mean longitudinal profile of a 10 GeV positron shower isvwahin the left plot of Fig-
ure[13. Due to the high longitudinal segmentation of the AHICthe shower rise, maximum and
decay are clearly visible. Data and simulation are in gai@itly good agreement. To quantify
this agreement, the profiles at each recorded beam energjjtedavith Eq.[5.B and the maximum
shower depth calculated gsx = w/b. The development of the shower maximum as a function of
the beam energy is shown in the right plot of Figlre 13. Therdyars show the uncertainty from
the fits. The extracted shower maxima of both data and siionlare in good agreement with the
theoretical behavior for a pure Fe calorimeter with a ailtinergy, from[[23], of. = 21.04 MeV,
given in Eq[5H.

The transverse shower profile of a 15 GeV positron showeras/shin Figure[14 together
with a simulation. The radiug, is calculated with respect to the track of the incoming ipkert
extrapolated from the tracking system to the AHCAL frontdfad herefore, the radius is defined
asp? = (% — Xyack)® + (Yi — Yirack)?, Where &, y;) are the coordinates of the calorimeter cell with
signal above threshold. The energy deposited in a calogintll is normally assigned to the
center of the cell. For the radial profile studies it is redtisted uniformly in bins of 1 mrh
before being assigned to one annular bin of inner radius this way the energy deposited in one
calorimeter cell can be shared between two adjacent anbinsr Proper normalization accounts
for the fraction of the calorimeter cell area covered by eachular bin. The data indicate a
broader shower than expected from simulation. The caledlatean shower radiugR) = ZE—iEf”
for 15 GeV showers in data is about 9 % larger than the sinuilate.
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Figure 14. Transverse profile of a 15 GeV positron shower. The energgitjeis shown in 10 mm wide
concentric rings centered around the shower axis.

The energy dependence (R) is shown on the right plot of Figuje |15 (left). The difference
is almost energy independent. For completeness also thpas@on of the RMS/(R?) — (R)?)
of the shower radius distribution is shown in Figfirg 15 (figi\n energy dependent disagreement
of data and Monte Carlo is observed for this variable whialréases to a maximum of 7 % for
50 GeV. Several studies have been performed to find the cdubés @ffect including noisy and
inactive cells, different beam shape, influence of the ligbss-talk between tiles, misalignment
between calorimeter and tracking system and of calorimat@rs. The broader shower in data
is still not understood and further studies of asymmetgbtlicollection on the tile, the influence
of varying dead space between tiles due to varying thickoéssflector coating, etc., will follow
to investigate the discrepancy. For the purpose of the atidid of the calibration procedure the
current level of agreement is acceptable, though this nigmaill have to be taken into account
when comparing hadronic shower shapes. Furthermore, miadsbowers have a much smaller
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Figure 15. Mean (left) and RMS (right) of the transverse shower distidn as a function of beam energy.
Dots are from data and open triangles are from simulation.
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Figure 16. Schematic view of tile positions in an AHCAL scintillatorgsle used for the uniformity test
(left) and uniformity of the calorimeter response for vaisgositions of incident beam with respect to the
detector (right). Tile position eight is approximatelyiretcenter of each calorimeter layer. The dashed lines
show the systematic uncertainties. Statistical uncdrégimre negligible.

energy density than electromagnetic showers; therefoselogal effects, (i.e. the impact of dead
areas or misalignment between layers), are strongly aeplifi electromagnetic showers, while
the influence is expected to be much less pronounced in hadsioowers.

6. Uniformity studies

6.1 Uniformity of the calorimeter response

The uniformity of the AHCAL response is explored by shiftitigg AHCAL to different positions
with respect to the beam axis, at normal angle of incidenbés grocedure is visualized in the left
part of Figurd 16. Each square in the sketch represents an#lating tile of 3 x 3 cn? and beam
events with a track pointing to axil cn? region centered on each tile in turn were selected. The
uniformity of the calorimeter response at the 15 differepgipons has been tested. For this study
10 GeV positron runs are analyzed, where the movable stageiseal to displace the calorimeter
in thex-y position with respect to the beam-linegxis).

As shown in the right plot of Figurg [L6, when excluding pasitil0, the uniformity of the
calorimeter response is better than 2.1%. The 10 % devidédween reconstructed and beam
energy at position 10 is due to an inactive cell at the showeetimum, which is not corrected in
the calibration.

6.2 Angular dependence of the calorimeter response

The movable stage carrying the AHCAL was used to collecttpmsidata at incident angles of
90, 8(r, 70" and 60. The rotation and staggering of the AHCAL are sketched indfteplot of
Figure[1}, where the beam is entering from the top. In theedteonfiguration, the modules were
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Figure 17. Schematic view of the AHCAL rotated with respect to the bekaft)(and reconstructed energy
of 10 GeV positrons normalized to the average versus angtemfence (right). To improve legibility, the
data (solid points) and the simulation (red triangles) Aglagy shifted in opposite directions on the abscissa.
The systematic uncertainty is shown by dash-dotted linedditonally, the spread of all measurements
performed at one inclination angle are shown as an errorgci eoint.

staggered to ensure the highly granular core>o8&n? was aligned with, and hence sampled, the
shower core.

For each angle of incidenag several 10 GeV positron runs with different impact points on
the calorimeter front surface were taken. The average dfalfuns is used to defirigeco at one
given 8, while (Eeco) is the mean reconstructed energy at any angle of inciderfeendrmalized
reconstructed energy is plotted in Figliré 17 as a functio.ohe spread (RMS) between the
various analyzed runs per inclination angle is used as thtsatic uncertainty. This spread
is smaller than the calibration systematic uncertaintyhim ¢alorimeter, shown in the plot as an
error band around the ratio of one. Showers at various iaitin angles only partially share the
same calorimeter cells, therefore the full systematic dag#y from calibration is an overestimate
of the real error, but the spread between measurementspedaoat one inclination angle is an
underestimate. Taking this into account, the increasedrrébonstructed energy of data between
60° and 90 is not significant. A more precise analysis would require ergtata at different angles
which are not available at present.

6.3 Influence of cell structure

The scintillating tiles used in the AHCAL have a WLS fiber emtied in a groove, a SiPM inserted
into a small groove on one end of this fiber, and a mirror in @gean the other end. This structure
is visible in the picture of a & 3cn? tile in Figure[18, where the SiPM is located in the lower left-
corner, the mirror is placed in the diagonal corner, and tHeS\Wiiber is embedded in a quarter
circle.

Since electromagnetic showers have a short transversesete the impact of the cell struc-
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Figure 18. Picture of the scintillating tile (left). Effect of the AHQAscintillator tile structure on the energy
measurement (summed over the entire calorimeter) for 10 &estromagnetic showers (right).

ture slightly reduces the energy resolution of the calom@meTo study this effect, we take advan-
tage of the delay wire chambers that were present in the bieamThey are used to reconstruct
the track of the incoming particle. This track is then extlaged to the front face of the AHCAL.
The shower energy (energy summed over the entire calonjietel0 GeV positrons with this
impact position, normalized to the shower energy averaged @l impact positions, is plotted in
Figure[1B.

As shown in the figure, the measured energy drops slightly tvearea of the WLS fiber. A
particle with a trajectory intersecting the SiPM (in the &nieft corner of the plot) or the reflecting
mirror at the end of the WLS fiber (in the upper right cornerhaf plot) shows a significant loss of
response with respect to the tile average by about 8 % and 4péctviey. At the position of the
WLS fiber the tile response is about 2 % lower than average.did at the other two corners of
the tile in this study reflects the energy loss associated thé SiPMs located in the neighboring
tiles as the observable used is the energy summed over tine ealbrimeter. Measurements of
single tile uniformity using a collimated source have beerfgrmed and are reported in [45] 26].
These measurements confirm a lower response of electrotimghewers hitting the SiPMs or
the reflecting mirrors. Though this large degradation (8 %hatlocations of the SiPMs) is quite
unrealistic in a collider detector, where the particlesaweays traversing the calorimeter under an
angle. In this case the tile response non-uniformity awesagut with no influence on the energy
resolution. Furthermore, electromagnetic showers haberd kteral extension. For pion showers,
which are much wider, the effect has not been observed in ddta effects of gaps between the
calorimeter tiles, as well as the non-uniform response eftiles, in view of the impact on the
energy resolution, have been studied using Monte Carlotgvéine results are reported n][27]
and show that these type of effects do not have a significoeimce on the measurement of hadron
showers.
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7. Conclusions

The response of the CALICE analog hadron calorimeter totqmosi was measured for energies
between 10 and 50 GeV, using data recorded at CERN in sumr&r Zbie calorimeter response
is linear to better than 3%. A better SiPM saturation coioectvould improve the linearity, and
for future developments a larger dynamic range is desirablds study is ongoing, but the ef-
fect on pion energy reconstruction will be negligible dughe much smaller energy per hit in a
hadronic shower compared to an electromagnetic shower.efggy resolution for positrons is
found to have a stochastic term (#1.9 + 1.4) %./E [GeV], and a constant term of about 1 %.
Good agreement between data and simulation validatesrthaegion of the various detector char-
acteristics. For comparison, Rf.][28] reports for the AR #e calorimeter an energy resolution
of 28%,/E [GeV)| stochastic and 2.8 % constant term for electrons at 20 deg frarmal inci-
dence. This is also and hadron sampling calorimeter aliagateel and scintillator tiles, but with
a much coarser granularity than the AHCAL and a differentaosit via standard photomulti-
plier tubes. The same readout technology as in the AHCALsg mhplemented in a scintillator-
Tungsten electromagnetic calorimeter, SCECAL build witthie CALICE collaboration[[29]. For
this calorimeter the energy resolution to electrons i§l&f15+ 0.03) %./E [GeV) stochastic and
(1.44+0.02) % constant term. This analysis provided confidence that étectbr performance
and simulation are sufficiently understood to pursue thestgation of hadronic showers.

Systematic studies are performed to investigate the gualfitthe calibration in as many
calorimeter cells as possible. The uniformity of the calmier response to electromagnetic show-
ers is studied with beams at different impact points andedifit incident angles. The results are
consistent with no angular and spatial dependence witleinjtioted systematic uncertainty on the
calibration procedure.

The high segmentation of the AHCAL is well-suited for stutlyithe longitudinal shower
development with high accuracy and for determining the gltomaximum. The point of maximum
energy deposition along the shower propagation axis igddchetween 5.8y and 7Xg for the
range of particle energies used, consistent with simulaial theoretical prediction.

The transverse shower spread is more difficult to measuraubedit is strongly affected by
uncertainties in the beam profile, in the variation of lighass-talk between tiles, and in the mis-
alignment of calorimeter layers. Currently, the data iatBca broader shower than expected from
simulation. However, the level of agreement is acceptaiié¢hie validation of the calibration pro-
cedure if one considers that the effect on hadronic show#irbevess important due to the lower
energy density of hadronic showers.
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ABSTRACT. The CALICE collaboration is studying the design of highfpemance electromag-
netic and hadronic calorimeters for future Internationalelar Collider detectors. For the hadronic
calorimeter, one option is a highly granular sampling gaieter with steel as absorber and scin-
tillator layers as active material. High granularity is @abed by segmenting the scintillator into
small tiles individually read out via silicon photo-muligrs (SiPM). A prototype has been built,
consisting of thirty-eight sensitive layers, segmented about eight thousand channels. In 2007
the prototype was exposed to positrons and hadrons usingQERN SPS beam, covering a wide
range of beam energies and incidence angles. The challérg# equalization and calibration of
such a large number of channels is best validated using@meagnetic processes. The response
of the prototype steel-scintillator calorimeter, inclugilinearity and uniformity, to electrons is
investigated and described.
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1. Introduction

A new generation of calorimeters that exploit unprecedehigh granularity to reach excellent jet
energy resolution is one of the main R&D goals towards ther&utnternational Linear Collider
(ILC) [[I. The particle flow (PFLOW/[[R[]3[]4]) algorithm favsrsingle particle separability over
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AHCAL MODULE

CAN-BUS
Cassette VFE electronics

CMB

@ temperature sensors
® UV LED
o PIN diode

Figure 1. Sketch of one AHCAL module (left). The scintillator tilestwiSiPM readout are embedded in a
steel cassette. The SiPM signal is routed to the VFE eleicsdmcated on the right side. The calibration and
monitoring board (CMB), located on the left side, providas LED light for calibration and the CAN-BUS
readout for temperature sensors located inside the casslton the electronics (red dots). Picture of one
active layer of the CALICE AHCAL prototype (right).

single particle energy resolution in the attempt to impritneeoverall jet energy resolution. Typical
single hadronic showers in the 10—100 GeV range are begtategan a hadronic calorimeter with
cell size of the order of 3 3 cn? [f]. In addition, fine longitudinal segmentation is reqdirfer
PFLOW algorithms to be effective.

The CALICE collaboration[]5] is studying several calorimetiesigns for experiments at the
ILC. With the first generation of prototype detectors newdmd technologies have been estab-
lished for highly granular calorimeters and the stabilifytteese detectors has been demonstrated.
Furthermore, a unique set of data has been collected to badipnic showers at low and medium
energies in detail with high resolution longitudinal argsverse sampling.

This paper focuses on the prototype of an analog hadroniredtar (AHCAL) consisting of
38 layers of highly-segmented scintillator plates santiedtbetween 2 cm thick steel plates. Each
scintillator tile is an individual calorimeter cell readtday a silicon photo-multiplier (SiPM). The
active layers are referred to as modules, and the sum okaati passive material adds up to a total
depth of 5.3 nuclear interaction lengths)( A more detailed description of the AHCAL prototype
structure is given in[[6]. The analog SiPM signal is routeth® very-front-end (VFE) electronics
where a dedicated ASIC chiff [7] is used for multiplexed redad 18 SiPMs.

A sketch of one AHCAL module, as well as a picture of an openut®mdhowing the arrange-
ment of scintillator tiles, are shown in Figre 1.

Tests using particle beams have been conducted in ordeatoa¢w the performance of the
highly granular calorimeters built by CALICE. The AHCAL hagen installed and tested at the
CERN Super Proton Synchrotron (SPIS [8]) and at the FNAL Md@sshBeam Facility (MTBH]9)).

In 2007, the whole detector with 38 active layers was comiongesl and exposed to muon,
positron and pion beams in the energy range 6 GeV to 80 GeMdaad\wwy the CERN H6 beam



line. In 2008, the AHCAL together with the ECAL and TCMC werewed to Fermilab to take
data in the 1-6 GeV energy range over the course of two years.

Ongoing data analyses will quantify the energy and spatisblutions of the prototype for
hadrons, and will continue the validation and further depaient of existing models of hadronic
showers, e. g. the variouse&NT4 [[LQ] physics lists. They will also be important for the exipe
mental validation of the PFA approadh]11]. The studies is ticle focus on the calibration and
performance of the device when exposed to electrons ant@usi

In SectionR, the AHCAL electromagnetic calibration prasedis discussed. The CERN test
beam experiment is described in Secfibn 3. Results on nzéter response to positrons are given
in Section}4, followed by uniformity studies in Sectijn 5.r€tusions are reported in Sectifn 6.

2. Calibration procedure

One of the aims of the tests is to establish a reliable andstatalibration chain. This requires
measurements with beam particles and with light from the Inicibitoring system. The calibration
chain is summarized in the following steps:

e equalization of inter-cell response;
o calibration of the SiPM pixel signal and correction for tr@rinear response;

e calibration to an energy scale (in GeV) with electromagnstiowers from test beam facili-
ties.

The equalization of all cell responses is performed usingimim ionizing particles (MIPs)
as the reference signal. The ADC value for a cell is conveidesl number of MIPs by dividing
by CMIP | the cell equalization factor. This factor is obtained kirig the most probable value of
the response of cellto a muon beam. This procedure and its stability are destiibmore detail
in [[L3]. In addition, the MIP calibration serves to fix the s@ithreshold; all hits with an energy
below 0.5 MIP are rejected.

The number of SiPM pixelg\;[pix], firing for a single cell is related to the ADC value for the
cell, AJADC], and the corresponding SiPM gai@*[ADC] by A, [pix] = A [ADC]/CP*[ADC].
The procedure to obtain the gain of each individual SiPMssased in Sectidn 2.1.

The limited number of SiPM pixels leads to a non-linear resgofor large signals. These
effects are corrected for by a functiofaa( A[pix]), depending on the number of fired pixégpix|.
This procedure is discussed in detail in Secfioh 2.2.

Finally, a common calibration factow, scales the visible energy of electrons in each cell
in units of MIP to the total deposited energy in units of GeVisTfactor is determined to be
w = (42.3+0.4) MIP/GeV, as discussed in Sectiph 4.

Therefore, in summary, the reconstructed energy of elecigmetic processes in the calorime-
ter is expressed as
3i Ei[MIP]

ErecdGeV| = W )

2.1)
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Figure 2. Single photoelectron peak spectrum taken with a SiPM in tHEAL detector.

where the energy of one single cell with indeis E;. The energyE;, given in units of MIP is

calculated according to

e (MiP) = A B0 feata pix) (2.2)

2.1 SiPM gain and intercalibration factors

The gain of each individual SiPM is extracted from singletpletectron spectra taken in dedicated
runs with low LED light intensity. The SiPM gairGiﬁt, is the distance between two consecutive
peaks in the single photoelectron spectrum. A typical gaiecsum is shown in Figurd 2. A
multi-Gaussian fit is performed to the single photoelectpeaks to determine their average rel-
ative distance[[37]. The mean of each Gaussian functionémthlti-Gaussian sum is left as a
free parameter. Before fitting, a peak finder routine is useset each peak mean value to the
approximate location of the corresponding photoelectrakp The width of each Gaussian func-
tion is dominated by electronic noise, allowing to negleatistical contributions which lead to an
increase of the peak width with increasing number of fireélsixAccordingly, all widths are fixed
to the electronic noise width in the fit. A fit quality flag, bdsen an overall chi-square test and
the statistics in the first two peaks of the spectrum, is usedjéct bad fit results. The uncertainty
on the gain determination is mainly due to the fit and is abd4tfar fits which pass the quality
criteria.

SiPM gain measurements were repeated approximately eigiy lours during test beam
operation. The SiPM gain varies with temperature and tha geasurements can be used to
stabilize the calorimeter response over time. The temperatependence of the SiPM gain is
further discussed it [12]. The efficiency of the gain exidacts defined as the number of successful
fits in one gain run divided by the number of channels whichlmacalibrated. About 2% of all
SiPMs are considered inactive because of initially badesoid or subsequent broken connections
to the SiPM leads. Additionally, about 0.11 % of all chanrats connected to a broken LED. All
these channels are not accounted for in the total of chatimstiean be calibrated.
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Figure 3. Gain calibration efficiency (left) and electronics intetdibration efficiency (right) over the AH-
CAL data taking period at CERN in 2007 (red dots) and at FNAR®8 (open blue triangles). More than
85.0 % of the channels could be monitored for gain and irgdibiation variation during these periods.

The efficiency of the gain extraction with one measurementsundicative of the quality of
the LED monitoring system, namely the small spread of LEDtligtensity. Figurg]3 shows the
efficiency of the gain extraction for a series of runs takethafirst three months of data taking at
CERN and in the first three months at FNAL. Initial problemsidg the system commissioning
phase led to low efficiency, but after commissioning a gaineetion efficiency of about 95 % per
run has been achieved. The gain efficiency was also stakletefhsportation and throughout the
FNAL runs. Combination of several gain runs yields calilmmaibf more than 99 % of all cells. The
remaining 1 % of cells are calibrated with the average of theulte to which they belong.

The measurement of SiPM gain is performed with a special nobtiee readout chip, with a
choice of high pre-amplification gain and short shaping wh&0 ns which improves the signal to
noise ratio at the single pixel level. In contrast, the mualibcation and the physics data taking
are performed with approximately ten times smaller elextr@mplification, to optimally fit the
available dynamic range, and about 200 ns shaping time todarsufficient latency for the beam
trigger. The inter-calibration factol;, of the chip gain between the calibration mode (CM) and
the physics data mode (PM) along with the SiPM gain are usetttermine the overall SiPM
calibration factorCipiX[ADC], used in Eq[2)2:

cP* = Gt [ADC(CM)]/I;. (2.3)

The extraction of the inter-calibration coefficients degenn the linear response of the chip
in both modes for an overlapping range of input signals. Tipat signal is provided by the LED
system injecting light into the tiles. The amplitude of thgnal is varied within the linear range
by varying the LED light intensity. The ratio between theshm responses in the two operational
modes is the inter-calibration coefficient for one giverdaa channel. Ideally, this factor should
be a simple constant between the two chip readout modesg, towih$ out to depend on the SiPM



signal form due to the different shaping times in the two nsodeor longer SiPM signals (larger
guenching resistor) the inter-calibration is bigger thanshorter SiPM signals (smaller quenching
resistor). The inter-calibration factors between the chamlout modes range between 4 and 13.

As with the gain, the inter-calibration extraction effioigris influenced by the quality of the
LED light distribution system. The inter-calibration cbeient extraction efficiencies during the
2007 and the 2008 data taking periods are plotted in FiguregBt). After commissioning was
completed, all channels with the exception of the 2 % inaatlvannels and the channels connected
to a broken LED, could be inter-calibrated. For the missimtgri-calibration values the average of
the module to which a SiPM belongs is used instead.

The uncertainty on the inter-calibration coefficient hasrbestimated from the comparison of
several runs and is found to be better than 1%. Temperatdredtage changes do not affect this
coefficient since it is mainly driven by the properties of teadout chip.

2.2 SiPM response

Due to the limited number of pixels and the finite pixel reaguviime, the SiPM is an intrinsically
non-linear device. The SiPMs used in the AHCAL have a total 156 pixels with a recovery
time between 25 ns anduis, depending on the value of the poly-silicon quenchingtesof each
device varying between 0.5®Mand 20 M2. More details on the SiPM working principle and its
properties are given iff [1L8,]14].

Figure[# (left) shows an ideal response function of a SiPMcividorrelates the observed
number of pixels firedNpix, to the true number of photoelectrons gener]atage. The response of
a SiPM can be approximated by the functidgl = Niot - (1 — e~ Nee/Not)  with Nyo the maximum
number of fired pixels, in this case set to 1156.

Figure[# (right) sketches the correction function appliethe calibration chain (Ef. 2.2). This
function is the inverted residual to linearity of the SiPMpense function in Figuré 4 (left).

The correction factor is unity for signals of about 30 pixefts2 MIPs, and increases expo-
nentially up to infinity for signals in saturation. A checkrigade to ensure that no unreasonable
correction factor is applied. In practice, the largest ection factor is~ 5.

The saturation correction can be either taken as a commaua tarall channels or parametrized
from real measurements of each SiPM response. As a first agprine AHCAL data have
been corrected with a linear interpolation of measuremeitp stored in a database during the
calorimeter construction phase. Studies to improve tlisguure using a single common function
are ongoing.

The response curves of each SiPM has been determined orbarektsetup illuminating each
SiPM with LED light of variable intensity. For these measussts, the SiPMs were not mounted
on a tile. Therefore, all the pixels have been illuminatethvight in a homogeneous way. The
measurement results for all SiPMs installed in the AHCAL gisen in [6]. The spread (RMS)
in the maximum number of fired pixels between all the curvesbisut 20 %. SiPMs with a total
number of fired pixels larger than 900 have been pre-selettad ensures not too large variations

1The number of photoelectrons is the true number of photaashiag the SiPM front face multiplied by the SiPM
photo-detection efficiency.
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Figure 4. The SiPM response function (left) and the saturation céimedunction, fsa; applied in the data
calibration chain (right).

in the non-linear response function of each device. Theorespfunctions of all SiPMs are stored
in a database and are used to linearize the response of dadmeter cell individually.

Since the AHCAL was the first detector to employ such a largelver of SiPMs, a specialized
system for monitoring the long-term stability and perfonoa of the photodetectors was required.
In order to monitor the SiPM response function in-situ, ssaéite UV LED light distribution sys-
tem was installed in the calorimetdr]15]. This system isatég of delivering light to all tiles with
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Figure 5. Ratio of maximum number of fired pixelsio:(mounted), measured with SiPM mounted on a tile
to Nyot(bare) measured directly with bare SiPMs.



an intensity ranging from a few photoelectrons to the leliat saturates the SiPM. Furthermore,
the LED system monitors variations of SiPM gain and signgpoase, both sensitive to temper-
ature and voltage fluctuations. The LED light is distributedhe individual tiles by means of a
clear fiber. From that point on, the light follows the samehpad light from the scintillation pro-
cess created by particles interacting in the calorimetaichvincludes collection and wavelength
shifting in the WLS fiber embedded in the tile before final ection by the SiPM. This enables
monitoring of the entire readout chain with the LED system.

Figure[h shows the ratio of the maximum number of pixils, measured with SiPM mounted
on a tile, Nypi(mounted)) to that measured with bare SiPMig(bare)). The individual values
are obtained from an exponential fit to the correspondindVSiBrves. The plot shows that the
maximum number of pixels in the in-situ setup is on averag® 89of the value determined in
the laboratory setud [[L6] with a wide distribution (RMS=9.%}his is an effect of a geometric
mismatch between the WLS fiber and the photodetector. Thelidea 1 mm diameter while the
SiPM active surface area is<1 mn¥; the geometric ratio between areas is 79 %, in agreement
with the measured value. Therefore, only a fraction of tHeMssurface is illuminated and the
laboratory curves are re-scaled by the measured value 588@0 correct for this effect before
they are used to correct for the SiPM saturation.

The uncertainty of the determination of the saturation péon a single channel is lower
than 3%, if the LED light range properly covers the SiPM saion region, and if this region
is measured well below the ADC saturation. Unfortunatdigse conditions are true only for a
sub-sample of about 73 % channels. Due to this, an averagection factor instead of a channel-
by-channel correction was used. Furthermore, the SiPMorespfunction, applied as a correction
of non-linear detector response, is affected by the SiPM gacertainty of 2 %, which is discussed
in the following section.

3. The test beam experiment

3.1 The experimental setup at CERN

The data discussed in the following were collected in July72&t the CERN SPS test beam facility
H6b. A sketch of the experimental setup is shown in Fidlire @arAfrom the fully equipped
AHCAL and a prototype of a tail-catcher and muon tracker (TC[lg]), the beam installation
consists of various trigger and beam monitoring deviceshrasholdCerenkov counter was used
to discriminate between electrons and pions. The beametriggs defined by the coincidence
signal of two scintillator counters with 1010 cn¥ area, referred to as Sc1 and Sc2 in Fidlire 6.
One scintillator trigger (V1), with an area of 220 cn? and analog read out, tagged multi-particle
events. Another scintillator with a 160100 cnf surface and a 20 20 cn? hole in the center (V2),
was used to reject the beam halo. Three drift chambers (DC2,dhd DC3) were used to monitor
the beam and reconstruct tracks. Muons were identified bynéillstor with 100x 100 cnf area
(Mcl), placed behind the TCMT.

During most of the tests, a silicon tungsten electromagrelorimeter [19] was placed in
front of the AHCAL, but this was not the case for the resultgoréed here. The AHCAL was
placed on a movable stage, which could shift the detectdicadly and horizontally. In addition,
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Figure 6. Top view of the CERN beam test setup. The plot shows the im&ntation in 2007. The beam
enters from the left side. See text for explanations of thepanents.

the detector can be rotated with respect to the beam direfrtion an angle of 90(beam normal
to the detector plane) to approximately’60

3.2 Monte Carlo simulation

The test beam setup as shown in Figdre 6 is simulated with KR8], a GEANT4-based [[70]
Monte Carlo program, followed by a digitization package @dmting the response of the detector
and electronics. The particle gun of the simulation is pms#&d upstream of th€erenkov detector.
The beam position and spread are chosen to match the beassshapsured in data by the Drift
Chamber, DC3. The beam patrticles are parallel to the beasn @xtording to the measurements
in the three Drift Chamber detectors. The material upstreamme AHCAL is simulated. The
sub-detectors are simulated with different levels of dedaipending on their impact on the physics
analysis: material simulation only for ti&erenkov counter, raw energy depositions stored for the
trigger counters, and partial electronics simulation Far tracking detectors. For the AHCAL, the
simulation gives the raw energy depositions in a virtuahtitator grid of 1x 1 cn¥ tile size. The
simulation is followed by a digitization procedure, whietkés into account

e the realistic detector granularity,

e light cross-talk between neighboring tiles,

e non-linearity and statistical fluctuations on the pixellsca
e SiPM and readout electronics noise.

The actual geometry of the AHCAL is simulated by summing up slgnal yield of 9 (36, 144)
virtual cells to obtain those of the actual geometry 3(6 x 6, 12 x 12) cn® cells.

Light cross-talk between neighboring cells, due to the ifgo reflective coating of the tile
edges, is simulated assuming that from each 3 cm-long tijje &b % of the scintillator light leaks
homogeneously to the neighboring tile. This value is sctdédke into account the fraction of edge
shared with the neighbors for cells of different size. Theoan of light cross-talk was checked
experimentally only for two tiles. The leakage from one &itlge was quantified to be about 2.5 %.
No information on the spread of this value between all tiegiven. This value is expected to



influence the energy reconstructed and the transverse sipogfde. From the comparison of the
energy reconstructed in simulation and data, the valuesd#aXor the light cross-talk on each tile
edge is found to be adequate. A light cross-talk of 1.25% @6 % leads to a difference in the
energy scale between data and Monte Carlo larger then 5 %.

To simulate the non-linear behavior of the photodetectties.energy deposition is translated
from GeV to the number of fired SiPM pixels. For this, an intediate step converts the response
simulated in units of GeV to MIP equivalents. The converdmctor is estimated from the simu-
lation of an 80 GeV muon beam in the AHCAL and is found to be 8%/KIP, corresponding to
the energy lost by a minimum ionizing particle in the sciatdr. The amplitude in units of MIPs
is then converted into pixels, using the measured lightdyfel each individual channel. With
this scale the measured SiPM response curves from the tedh bee used to simulate the SiPM
non-linearity. Where not available, the curve of the nexghieoring tile is applied.

If Npix is the amplitude in pixels obtained this way aNgay is the saturation level of the
individual channel, statistical effects are accountedbfpgenerating a binomial random number
with Nmax repetitions and a probability pix/Nmax. The result is treated as the number of pixels
firing for this specific event, and is translated back to th&gtale with the channel-specific light
yield.

At this stage, the Monte Carlo signal simulated the respafighe AHCAL to the energy
deposited by particles in an event. However, both the arittrcomponents and the SiPM dark
current induce noise. This noise component is assumed tarbpletely independent of the physics
signal amplitude in each channel and thus is taken into axtdyuadding to each Monte Carlo event
a MIP-calibrated random-trigger event from data.

After addition of noise, simulated events are assumed tmbiaent to MIP-calibrated data
and are treated the same way for all successive steps. Aaettould not be calibrated in the real
detector, either due to an inactive photodetector or toingssalibration values, is also ignored in
the simulation. This is about 2 % of the total number of cellthie calorimeter.

4. Calorimeter response to positrons

4.1 Selection of positron events

The analysis presented here is based on positron runs retdeznd 50 GeV. Each energy point
has more than 150k recorded beam triggers. All positron hawe been simulated with similar
statistics to the corresponding data runs.

Single positron showers are selected for analysis usinggam instrumentation. Although the
beam configurations are set to deliver a positron enrichathbeome contamination, mainly from
muons, exists. The pion contamination is expected to begilelg, since the tertiary positron beam
is produced from a higher-energy mixed beam impinging onira(thXg) lead target which does
not result in the production of lower-energy tertiary pionehe muon contamination originates
from the in-flight decay of hadrons upstream of the product&rget, which results in a muon
component that passes the momentum selection.

Cells with a signal above threshold are called hits &Rg > 0.5MIP is required. To re-
ject empty events that can occur due to random triggers dtesed particles, the number of hits
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has to beNh; > 65. Furthermore, the energy weighted center-of-gravityhim beam direction
(2), defined asz) = 3;zE;/ 3 Ei, has to bez) < 390 mm (about half of the calorimeter depth).
This requirement reduces muons, which deposit their eneguplly distributed over the entire
calorimeter depth, as opposed to electrons which have asthower contained in the first half of
the calorimeter. It was found that this muon rejection wasenafficient than the selection based
on theCerenkov counter, which does not provide electron-muoarsgipn for 30 GeV and above.
Particles which interact in the material upstream of the AtG@re removed by requiring a good
track in the drift chambersy€/dof < 6), and a MIP-like energy deposition in the multiplicity
counter (V1). With these selection criteria, 45 % of all neleml events at 10 GeV are accepted.
According to Monte Carlo studies 99.9 % of all electron esgydss the selection criteria, whereas
99.8 % of all muon events are rejected. The typical fractiomoons in a run is about 5-10 %.

The uncertainty on the mean energy of the beam is reportgdlirtg be

AEbeam o O 12
Ebeam Epeam(GeV|

©0.1% (4.1)

The first term is related to hysteresis in the bending magnéike the calibration and the un-
certainties on the collimator geometry give the constamhteSince this uncertainty is negligible
compared to the detector uncertainties, we assume the beengyeto be fixed in the following.
The dispersion of the beam energy can be calculated acgotdif22] from the settings of the
momentum selecting collimators on the beam line and is flothal runs in this analysis below
0.24 %.

4.2 Linearity

The linearity of the calorimeter response for a large rarigecident particle energies is a key fea-
ture, which allows for an important test of the calibratidraim. Electromagnetic showers offer the
most rigorous test since the energy deposited per singlentén electromagnetic shower is larger
than that in a hadronic shower for the same particle eneigur& shows the hit energy spectrum
of a 40 GeV positron shower compared to the spectra of 40 Ge\hB8ariseV pion showers. The
positron shower clearly has more hits with high energy diéipas even when the total particle
energy is only half that of the pion.

A set of runs of positrons with normal incidence to the cafmier and impinging at the center
of calorimeter front face is analyzed. To minimize the infloe of noise, the energy is summed up
in a cylinder around the shower axis. This cylinder, skedcimeFigure[ (left), has a radius of 5
Moliére radii ¢ = 5 Ry, with Ry = 2.47 cm [$]), which ensures a lateral containment of more than
99 % of the shower energy.

The lengthL of the cylinder is chosen to contain the whole shower end¥gym the simulation
of a 50 GeV electron showris fixed to 20 layers. Figurfg 8 (right) shows the final recanged
spectra for positron runs in the energy range 10 to 50 GeVpbsérons are normally incident on
the calorimeter front face, with a distribution centeredhia same calorimeter cell for each run.
The distribution is fit with a Gaussian function in the rang@o. The position of the peak is taken
as the mean energy responBgean measured in units of MIP.
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Figure 7. Hit energy spectrum for 40 GeV positron showers comparelabdf 40 GeV and 80 GeV pion
showers from a GANT4 simulation.
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Figure 8. The shower energy is summed up in a cylinder (left); see axdétails. Spectra of the energy
sum for positron data with energy between 10 GeV and 45 Gejiitlri For each spectrum the mean energy
response in units of MIEEnean iS Obtained with a Gaussian fit in the rang2o.

The reconstructed energy of a 10 GeV positron shower is caedp@a the digitized energy
from a Monte Carlo simulation in Figufé 9. The agreement ketwdata and simulation is satis-
factory.

The statistical uncertainties on the mean energy depnsitie negligible. The main source
of systematic uncertainties is 2% on the MIP scale calibnatiThe uncertainty of 2% on the
SiPM gain determination, resulting from the fit stabilitydaime uncertainty on the determination
of the SiPM saturation level both affect the correction & 8iPM non-linear response. For the
saturation level a common re-scaling factor is applied k&#M curves determined in the lab-
oratory setup. The rescaling is needed to account for thigpélumination of the SiPMs from
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Figure 9. Reconstructed energy of a 10 GeV positrons for data (blat®) @md for Monte Carlo (filled
yellow histogram), as well as a Gaussian fit to data (blug.line

the WLS fiber as discussed in Sectjon] 2.2. As shown in Fifjutaeratio between the in-situ
measured SiPM saturation level and the test-bench detedwadue has a wide distribution. Since
a common factor of 80.5 % is used to rescale all SiPM respamses, an uncertainty of 11.3 % on
this value is assumed, which represents the spread of alureshvalues as taken from Figufe 5.
To account for this uncertainty in an uncorrelated way foS#PMs, 100 experiments have been
performed assigning different rescaling coefficients fackechannel, generated randomly with a
Gaussian distribution centered at 0.80 and with a sigmaQ#. Oor each experiment the energy
in the calorimeter is reconstructed, using the set of curgssaled by these randomly generated
coefficients to correct the non-linear SiPM response. Binidle one standard deviation spread of
the 100 reconstructed energies from these simulated expets is taken as the systematic uncer-
tainty for the reconstructed energy. All of the above listgdtematic uncertainties areuncorrelated
and thus added in quadrature. The total systematic errgesaflom 02 GeV (2 %) at 10 GeV to
1.7 GeV (3.4 %) at 50 GeV.

The reconstructed energy in GeV is obtaine&as, = Emean/W, Wherew is the electromag-
netic energy scale factor (MIP-to-GeV). The scale factdeigrmined with a linear fit from zero to
50 GeV to the distributiofEyea{MIP] versusEpean{GeV|. The resulting values for data and Monte
Carlo arewgaia= (42.3+0.4) MIP/GeV andwyc = (42.0+ 0.4) MIP/GeV, respectively. Within
the uncertainties, the scale factors are in good agreement.

The linearity of the AHCAL response to positrons is shown igufe[10. A comparison of
the data before and after correction for the SiPM non-limeaponse indicates the magnitude of
this correction, which does not exceed 10 % even at 50 Ge\frpn®nergy. The values shown in
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Figure 10. Linearity of the AHCAL response to positrons in the range 3@&eV. The blue dotted line
shows the exact linearity. Black dots correspond to dateecterd for SiPM non-linear response, blue trian-
gles show the data before this correction, and the open igtgtes show the simulation. The green band
indicates the systematic uncertainty as quoted in Tal¥?1[GeV].

Figure[Ip are reported in TallE 1.

The residuals for data and Monte Carlo are presented in &{@jir Here, the green band
indicates the quadratic sum of the energy dependent systenmgertainties. In Table 1 the con-
tribution to the uncertainty from the SiPM gain variatioﬁEai”, and from the saturation point
determinationgg®are listed. The uncertainty on the MIP scal®!P, cancels in the ratio since the
same calibration constants are used in data and Monte @aifigure[1] (left), the residuals from

Data MC
Ebeam Ereco 5|¥| P [%] 6|(£3ain [%] 6|§at [%] Até)t [GeV] Ereco Até)t [GeV]
10 9.9 2.0 0.3 0.4 0.2 9.9 0.2
15 15.0 2.0 0.5 0.8 0.3 15.0 0.3
20 20.1 2.0 0.7 1.2 0.5 20.2 0.5
30 29.9 2.0 1.1 1.8 0.9 30.4 0.9
40 39.3 2.0 1.2 2.3 1.3 40.8 1.3
50 48.3 2.0 1.4 2.6 1.7 51.0 1.8

Table 1. AHCAL energy reconstructed in data and MC (in units of Ge\fMarious positron beam energies.
The table reports the values plotted in Figure 10. The syatierancertainties for data are detailed in their
percentage values. The total absolute efris the sum in quadrature of the uncertainties on the MIP, on
the SiPM gain and on the saturation point determination.
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Figure 11. Residual to a fit of the data and Monte Carlo points presemtd%ig'ure using, a linear
function y = ax) (left), a line fit (y = ax+ b) (right), in the range 10-50 GeV. Black dots correspond to
data, and open red triangles to simulation. The green batfidaites the sum in quadrature of the energy
dependent systematic uncertaintig$2" and 3g3'in Table 1.

the linear function suggests a non-zero offset at zero gndigs negative offset is the combined
effect of the 0.5 MIP threshold (loss of energy) and the detewise (addition of energy). Instead
of the more conventional linear function, the functiBfean= a- Epeam-+ b can be used to fit the
data in the range 10-50 GeV. A valuetnE —10.34+7.4 MeV is found for the Monte Carlo offset.
Once this offset is removed the Monte Carlo linearity isdrethan 0.5 % over the whole range, as
shown in the right plot of Figurg JL1.

The deviation from linearity (Fid. 11 left) in data is lessthl % in the range 10 to 30 GeV
and the maximum deviation is about 3% at 50 GeV. The remainomglinearity at high energies
hints at problems with the rescaling of the saturation csines described in Sectign 2.2. This
behavior is not sufficiently reproduced in the Monte Carlgitifiation, where the same curve is
used to simulate saturation as is used to correct for it.

The impact of the saturation correction is better seen imreid2 where the energy per hit
is shown with and without the correction factty,; applied, for 30 GeV electromagnetic showers.
Whereas the correction is negligible for low signal amplés, it becomes significant at larger
amplitudes, resulting in a strong correction for the taitted distribution. The maximum energy
deposited in one cell for a 30 GeV electromagnetic shower280 MIPs corresponding to about
3450 pixels (assuming a light yield, LY = 15 pixel/MIP). Fbid amplitude the correction factor is
fsa(Ai) ~ 3.1. The remaining miss-match between data and Monte Canmdrb00-200 MIPs is
an effect of the non-perfect correction of the non-lined&Nbiresponse. This imperfect correction
affects only a small fraction of the total energy; the hitexado50 MIPs contribute only 0.5 % (4 %)
of the total energy at 10 GeV (40 GeV).
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Figure 12. Hit energy spectrum for 30 GeV positron showers in the AHC@Ipen circles (black dots)

distribution in a linear scale.

4.3 Electromagnetic energy resolution

The energy resolution is a principal figure of merit in calueiry and is estimated as the width
divided by the mean of a Gaussian fit to the energy sum withdo of the mean of an initial fit
over the full range. The resolution achieved with the AHCAlplotted as a function of the beam
energy in Figur¢ 313. The values shown in this figure are refdrt Tabld]2. Fitting the AHCAL
energy resolution in a range &f2g, with

O a

C
E:\/—E@b@g (4.2)

results in a stochastic term af= (21.9+ 1.4) %, whereas the constant termbis= (1.0+ 1.0) %.
The noise term o€ = 58.0 MeV is extracted from the spread (RMS) of the random triggemt
distribution and kept constant during the fitting proceddree energy resolution agrees well with
that of an earlier prototype (Minical) with 108 channels afidhe same sampling [R4], that was
tested in the energy range between 1 and 6 GeV and reachedlaticgswith a stochastic term
a=(20.7+0.7)% and a constant terim= (2.6 + 1.3) %.

The energy resolution of the simulation is found to have alsetic term ofa = (215+
1.4) %, a constant term df = (0.7 &+ 1.5) % and again a fixed noise term of= 58.0 MeV. Within
the fit uncertainty, the stochastic terms of data and sinomadre in good agreement. The noise
term is fixed to the same value as for data since the noise isithglation is artificially added
from random trigger data events. The constant tbymepresenting calibration uncertainties and
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Figure 13. Energy resolution of the AHCAL for positrons (black circle¥he resolution agrees with that
of a previous prototype (black triangles) with the same damgstructure. The errors are the quadratic sum
of statistics and systematic uncertainties.

non-linearities, should be zero in the simulation, sinaedhme curves are both in the simulation
of the non-linear SiPM response and in its correction.

Data MC
Epeam[GeV] | 0g/E [%] Uncertainty [%] | og/E [%] Uncertainty [%]
10 7.11 0.47 6.90 0.49
15 5.83 0.36 5.45 0.38
20 4.95 0.32 4.90 0.34
30 3.97 0.29 4.00 0.31
40 3.54 0.26 3.51 0.27
50 3.41 0.25 3.07 0.26

Table 2. AHCAL energy resolution in data and MC for various positraatm energies. The table reports
the values plotted in Figure 13. The listed uncertaintieduitle statistical uncertainties and systematic
uncertainties added in quadrature.

4.4 Shower profiles

The longitudinal profile of a shower induced by a particlehitiicident energ¥ in GeV traversing
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maximum as a function of the incident energy (right). Theoretructed energy (left plot) is shown for data
(solid points), simulation (yellow-shaded area) and a fih data using Eq. 4.2 (black line). The bottom
insert shows the data/Monte Carlo comparison. The showgimmuan (right plot) is shown for data (solid
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a matter depth can be described af 23]
dE
f(t)= — =at?.e ™
( ) dt )
where the parametex is an overall normalization, and the parameterand b are energy and
material-dependent. The first term represents the fasteshrise, in which particle multiplication is
ongoing, and the second term parametrizes the exponentiales decay. Given this parametriza-

tion with t in units of radiation lengths, the particle multiplicatiand the energy deposition reach
their maximum after

(4.3)

mmz[mE—oﬂ (4.4)

&
radiation lengths from the beginning of the cascade of agbamvith energyE. The critical energy,
& is a property of the calorimeter material and does not depétite energy of the particle. The
positiontyax is called the shower maximum.

The mean longitudinal profile of a 10 GeV positron shower iavwahin the left plot of Fig-
ure[I#. Due to the high longitudinal segmentation of the AHICthe shower rise, maximum and
decay are clearly visible. Data and simulation are in gai@itly good agreement. To quantify
this agreement, the profiles at each recorded beam energjftedevith Eq.[4.B and the maximum
shower depth calculated &sx = w/b. The development of the shower maximum as a function of
the beam energy is shown in the right plot of Figlrg 14. Therdsars show the uncertainty from
the fits. The extracted shower maxima of both data and siroalare in good agreement with the
theoretical behavior for a pure Fe calorimeter with a ait@nergy, from[[23], of. = 21.04 MeV,

given in Eq[4}.
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The transverse shower profile of a 15 GeV positron showeragstin Figure[15 together
with a simulation. The radiug, is calculated with respect to the track of the incoming ipkert
extrapolated from the tracking system to the AHCAL frontdfad herefore, the radius is defined
asp? = (% — Xack)> + (Yi — Yirack)?, Where &, y;) are the coordinates of the calorimeter cell with
signal above threshold. The energy deposited in a calogindll is normally assigned to the
center of the cell. For the radial profile studies it is redsited uniformly in bins of 1 mrh
before being assigned to one annular bin of inner ragiusin this way the energy deposited
in one calorimeter cell can be shared between two adjacentlambins. Proper normalization
accounts for the fraction of the calorimeter cell area cegtdny each annular bin.  The data
indicate a broader shower than expected from simulatione ddiculated mean shower radius
(R) = @) for 15 GeV showers in data is about 9 % larger than the siradlahe. The energy

2 E;
dependence ofR) is shown on the right plot of Figufe]16 (left). The differerisealmost energy
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Figure 16. Mean (left) and RMS (right) of the transverse shower distidn as a function of beam energy.
Black dots correspond to data and red open triangles camelsjo Monte Carlo.
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independent. For completeness also the comparison of th® RMR2> —(R)?) of the shower
radius distribution is shown in Figufe]16 (right). An enedgpendent disagreement of data and
Monte Carlo is observed for this variable which increasesr@aximum of 7 % for 50 GeV. Several
studies have been performed to find the cause of this effeletdimg effects of noisy and inactive
cells, different beam shape, influence of the light crofishiatween tiles, misalignment between
calorimeter and tracking system and of calorimeter lay&hge broader shower in data is still not
understood and further studies of asymmetric light cdldecon the tile, influence of varying dead
space between tiles due to varying thickness of reflectotirmpaetc., will follow to investigate
the discrepancy. For the purpose of the validation of thivi@lon procedure the current level of
agreement is acceptable, though this mismatch will have taken into account when comparing
hadronic shower shapes. Furthermore, hadronic showeesaehawuch smaller energy density than
electromagnetic showers; therefore, any local effects, fie impact of dead areas or misalignment
between layers), are strongly amplified in electromagrstawers, while the influence is expected
to be much less pronounced in hadronic showers.

5. Uniformity studies

5.1 Uniformity of the calorimeter response

The uniformity of the AHCAL response is explored by shiftitigg AHCAL to different positions
with respect to the beam axis, at normal incidence angles piticedure is visualized in the left
part of Figurg 1]7. Each square in the sketch represents amt#lating tile of 3x 3 cn? and beam
events with a track pointing to axil cn? region centered on each tile in turn were selected. The
uniformity of the calorimeter response at the 15 differepgifions has been tested. For this study
10 GeV positron runs are analyzed, where the movable stageisel to displace the calorimeter
in thex-y position with respect to the beam-linegxis).

As shown in the right plot of Figure L7, when excluding pasitil0, the uniformity of the
calorimeter response is better than 2.1%. The 10 % devidkgtween reconstructed and beam
energy at position 10 is due to an inactive cell at the showaeximum, which is not corrected in
the calibration.

5.2 Angular dependence of the calorimeter response

The movable stage carrying the AHCAL was used to collecttpmsidata at incident angles of
90, 8(r, 70" and 60. The rotation and staggering of the AHCAL are sketched indfteplot of
Figure[1B, where the beam is entering from the top. In theedteonfiguration, the modules were
staggered to ensure the highly granular core>o88n? was aligned with, and hence sampled, the
shower core.

An average of the normalized reconstructed energy for a¥8rGeV positron runs with dif-
ferent impact points on the calorimeter front surface istptbin Figure[I8 as a function of the
incidence anglé. The spread (RMS) between the various analyzed runs penatioh angle is
used as the systematic uncertainty. This spread is smh#erthe calibration systematic uncer-
tainty in the calorimeter, shown in the plot as an error bamdied the ratio of one. Showers at
various inclination angles only partially share the samleraaeter cells, therefore the full sys-
tematic uncertainty from calibration is an overestimatehef real error, but the spread between
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The systematic uncertainty is shown by dash-dotted linedditionally, the spread of all measurements
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measurements performed at one inclination angle is an estigate. Taking this into account, the
increase in the reconstructed energy of data betweear@90 is not significant. A more precise
analysis would require more data at different angles whielnat available at present.
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measurement (summed over the entire calorimeter) for 10 &estromagnetic showers (right).

5.3 Influence of cell structure

The scintillating tiles used in the AHCAL have a WLS fiber emitied in a groove, a SiPM inserted
into a small groove on one end of this fiber, and a mirror in @gean the other end. This structure
is visible in the picture of a & 3cn? tile in Figure[I9, where the SiPM is located in the lower left-
corner, the mirror is placed in the diagonal corner, and theS\Wiiber is embedded in a quarter
circle.

Since electromagnetic showers have a short transversasexte the impact of the cell struc-
ture slightly reduces the energy resolution of the calor@melo study this effect, we take advan-
tage of the drift chambers that were present in the beam Iy are used to reconstruct the
track of the incoming particle. This track is then extrapethto the front face of the AHCAL.
The shower energy (energy summed over the entire calonjrfeiel0 GeV positrons with this
impact position, normalized to the shower energy averaged al impact positions, is plotted in
Figure[1p.

As shown in the figure, the measured energy drops slightly thearea of the WLS fiber. A
particle with a trajectory intersecting the SiPM (in the &nieft corner of the plot) or the reflecting
mirror at the end of the WLS fiber (in the upper right cornerhaf plot) shows a significant loss of
response with respect to the tile average by about 8 % and 4péctiviey. At the position of the
WLS fiber the tile response is about 2 % lower than average.dide at the other two corners of
the tile in this study reflects the energy loss associated thi& SiPMs located in the neighboring
tiles as the observable used is the energy summed over tine ealbrimeter. Measurements of
single tile uniformity using a collimated source have beerfgrmed and are reported in [45] 26].
These measurements confirm a lower response of electrotiaghewers hitting the SiPMs or
the reflecting mirrors. Though this large degradation (8 %thatlocations of the SiPMs) is quite
unrealistic in a collider detector, where the particlesaweays traversing the calorimeter under an
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angle. In this case the tile response non-uniformity awesagut with no influence on the energy
resolution. Furthermore, electromagnetic showers habei kteral extension. For pion showers,
which are much wider, the effect has not been observed in ddta effects of gaps between the
calorimeter tiles, as well as the non-uniform response eftilles, in view of the impact on the
energy resolution, have been studied using Monte Carlotgvéthe results are reported {n][27]
and show that these type of effects do not have a significaoeimce on the measurement of hadron
showers.

6. Conclusions

The response of the CALICE analog hadron calorimeter totqmosi was measured for energies
between 10 and 50 GeV, using data recorded at CERN in sumr@@&r ZBe calorimeter response is
linear to better than 3%. A better saturation correction lekdmprove the linearity, and for future
developments a larger dynamic range is desirable. Thiy studngoing, but the effect on pion
energy reconstruction will be negligible due to the muchlsnanergy per hit in a hadronic shower
compared to an electromagnetic shower. The energy resolfdr positrons is found to have a
stochastic term 0f21.9+ 1.4) %/,/E [GeV], and a constant term of about 1 %. Good agreement
between data and simulation validates the simulation o¥#neus detector characteristics.

Systematic studies are performed to investigate the guafitthe calibration in as many
calorimeter cells as possible. The uniformity of the calmier response to electromangetic show-
ers is studied with beams at different impact points ancebfit incident angles. The results are
consistent with no angular and spatial dependence witleinjtioted systematic uncertainty on the
calibration procedure.

The high segmentation of the AHCAL is well-suited for stuayithe longitudinal shower
development with high accuracy and for determining the gltamaximum. The point of maximum
energy deposition along the shower propagation axis igddchetween 5.8y and 7Xg for the
range of particle energies used, consistent with simulaial theoretical prediction.

The transverse shower spread is more difficult to measuraubedit is strongly affected by
uncertainties in the beam profile, in the variation of lighass-talk between tiles, and in the mis-
alignment of calorimeter layers. Currently, the data iatBca broader shower than expected from
simulation. However, the level of agreement is acceptaiié¢hie validation of the calibration pro-
cedure if one considers that the effect on hadronic show#irbevess important due to the lower
energy density of hadronic showers.

This analysis provided confidence that the detector pedoma and simulation are sufficiently
understood to pursue the investigation of hadronic shawers
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ABSTRACT. The CALICE collaboration is studying the design of highfpemance electromag-
netic and hadronic calorimeters for future Internationalelar Collider detectors. For the hadronic
calorimeter, one option is a highly granular sampling gaieter with steel as absorber and scin-
tillator layers as active material. High granularity is @abed by segmenting the scintillator into
small tiles individually read out via silicon photo-muligrs (SiPM). A prototype has been built,
consisting of thirty-eight sensitive layers, segmented about eight thousand channels. In 2007
the prototype was exposed to positrons and hadrons usingQERN SPS beam, covering a wide
range of beam energies and incidence angles. The challérg# equalization and calibration of
such a large number of channels is best validated using@meagnetic processes. The response
of the prototype steel-scintillator calorimeter, inclugilinearity and uniformity, to electrons is
investigated and described.

KEYywoRDS Calorimeter; electromagnetic shower; Silicon Photorplidtr.
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1. Introduction

A new generation of calorimeters that exploit unprecedehigh granularity to reach excellent jet
energy resolution is one of the main R&D goals towards ther&utnternational Linear Collider
(ILC) [[I. The particle flow (PFLOW/[[R[]3[]4]) algorithm favsrsingle particle separability over
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single particle energy resolution in the attempt to imprihnesoverall jet energy resolution. Typical
single hadronic showers in the 10—-100 GeV range are bestategan a hadronic calorimeter with
cell size of the order of & 3 cn? [A]. In addition, fine longitudinal segmentation is reqdirer
PFLOW algorithms to be effective.

The CALICE collaboration[]5] is studying several calorimetiesigns for experiments at the
ILC. With the first generation of prototype detectors newdmd technologies have been estab-
lished for highly granular calorimeters and the stabilifyttiese detectors has been demonstrated.
Furthermore, a unique set of data has been collected to badipnic showers at low and medium
energies in detail with high resolution longitudinal arginsverse sampling.

This paper focuses on the prototype of an analog hadroniwedtar (AHCAL) consisting of
38 layers of highly-segmented scintillator plates santieitbetween 2 cm thick steel plates. Each
scintillator tile is an individual calorimeter cell readtday a silicon photo-multiplier (SiPM). SiPM
devices from the MEPhI/PULSAR group have been used, which &a active area of 1.1 mxl.1
mm containing 1156 pixels, each Btnx32um in size. SiPMs are operated with a reverse bias
voltage of~50 V, which lies a few volts above the breakdown voltage, Itesyin a gain of~10°.

A poly-silicon quenching resistor on each pixel is used terguh the Geiger discharge. The resistor
values vary between 0.5®and 20 M for the various batches of SiPM produced. Larger resistor
values have been favored as they yield a longer pixel regaere up to 1us. In this way a
pixel cannot be fired multiple times during one scintillalight pulse, though making it easier to
monitor the SiPM response curve with LED light. More detaitsthe SiPM working principle and
its properties are given if][@, 7].

The scintillator tiles are 0.5 cm thick and have a size of %&wum in the 30 cnx30 cm core
region, while they increase to 6 ¢t cm and 12 cnt 12 cm in the rings surrounding the core. A
sketch of one AHCAL module, as well as a picture of an open reogliowing the arrangement of
scintillator tiles, are shown in Figuf¢ 1. A wavelength shi fiber is embedded in the tile, which
collects the scintillation light and guides it to the SiPMeTother fiber end is pressed against a
3M reflector foil. The picture on the left side of Figyrg 18 wiscthe details of one core tile. The
four sides of each tile are matted by a chemical treatmemni¢iray a white surface that serves as
a diffuse reflector. The two large faces of the tile are noividdally coated, instead a large 3M
reflector foil is glued to each side of the metal cassettarmsll tiles providing reflectivity via an
air contact. The imperfect reflective coating of the tile &lgs responsible for about 2.5 % light
cross-talk between neighboring cells of 3 cm edge size.

The active layers are referred to as modules, and the suniie¢ and passive material adds
up to a total depth of 5.3 nuclear interaction lengthy.( A more detailed description of the
AHCAL prototype structure is given if][8]. The analog SiP\rsl is routed to the very-front-end
(VFE) electronics where a dedicated ASIC cHip [9] is usednfoitiplexed readout of 18 SiPMs.
The integrated components of the ASIC chip allow to seleetafrsixteen fixed preamplifier gain
factors from 1 to 100 mV/pC, and one of sixteen CR2RBapers with peaking times from 40 to
180 ns.

Since the AHCAL was the first detector to employ such a largeber of SiPMs, a specialized
system for monitoring the long-term stability and perfonoa of the photodetectors was required.
In order to monitor the SiPM response function in-situ, asaéte UV LED light distribution
system was developefl [10]. A calibration and monitoringfd¢&MB) connected to each module
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Figure 1. Sketch of one AHCAL module (left). The scintillator tilestwiSiPM readout are embedded in a
steel cassette. The SiPM signal is routed to the VFE eleicsdmcated on the right side. The calibration and
monitoring board (CMB), located on the left side, providas LED light for calibration and the CAN-BUS
readout for temperature sensors located inside the casslton the electronics (red dots). Picture of one
active layer of the CALICE AHCAL prototype (right).

distributes UV light from an LED to each tile via clear fibef$e LEDs are pulsed with 10 ns wide
signals steerable in amplitude. By varying the voltage LB intensity covers the full dynamic
range from zero to saturation (about 70 MIPs). FurthermibieLED system monitors variations
of SiPM gain and signal response, both sensitive to temperaind voltage fluctuations. The LED
light itself is monitored with a PIN photo-diode to correot fluctuations in the LED light intensity.

Tests using particle beams have been conducted in ordeatoagw the performance of the
highly granular calorimeters built by CALICE. The AHCAL h&gen installed and tested at
the CERN Super Proton Synchrotron (SRS [11]) and at the FNAdsdvl Test Beam Facility

(MTBF [[L2]).

In 2007, the whole detector with 38 active layers was comioniesl and exposed to muon,
positron and pion beams in the energy range 6 GeV to 80 GeMdwd\by the CERN H6 beam
line. In 2008, the AHCAL together with the ECAL and TCMC werewead to Fermilab to take
data in the 1-6 GeV energy range over the course of two years.

Ongoing data analyses will quantify the energy and spagisblutions of the prototype for
hadrons, and will continue the validation and further depeient of existing models of hadronic
showers, e. g. the variouse&NT4 [[L3] physics lists. They will also be important for the expe
mental validation of the PFLOW approadh][14]. The studiethis article focus on the calibration
and performance of the device when exposed to electronsasiigns.

In Section P, the AHCAL electromagnetic calibration praseis discussed. The CERN test
beam experiment is described in Secfibn 3. Results on oaéter response to positrons are given
in Section[}4, followed by uniformity studies in Sectijn 5.rctusions are reported in Sectin 6.



2. Calibration procedure

One of the aims of the tests is to establish a reliable andstatalibration chain. This requires
measurements with beam particles and with light from the Ibicibitoring system. The calibration
chain is summarized in the following steps:

e equalization of inter-cell response;
¢ calibration of the SiPM pixel signal and correction for th@nrinear response;

e calibration to an energy scale (in GeV) with electromagnstiowers from test beam facili-
ties.

The equalization of all cell responses is performed usingimim ionizing particles (MIPs)
as the reference signal. The ADC value for a cell is convetidesl number of MIPs by dividing
by CMIP the cell equalization factor. This factor is obtained kirig the most probable value of
the response of cellto a muon beam. For this calibration, a broad muon beam is wgddh is
obtained closing a collimator on the path of a hadron bearwdtendreds meters upstream of the
detectors. The distribution of muons is typically Gaussiatih a width of about 30—40 cm. The
muons are generally parallel to the beamline and perpeladitw the detector front face. In this
way all cells can be calibrated at the same time, minimizheyimpact of temperature induced
variations.

The SiPM gain and photo-detection efficiency are tempezadependent. The product of the
two determines the SiPM response, which typically decielye3.7%/K. A procedure has been
developed to correct temperature-induced variationsdrcéhorimeter response using temperature
measurements in each module. This procedure and its stabill be described in more detail
in [[L5]. For the analysis presented in this paper, data sesrigve been selected to have a temper-
ature range of less then 0.5 K and the visible energy of eatiplsais scaled by -3.7%/K to the
average temperature of the muon data.

The cell equalization factors are extracted for each cel@sost probable value of a function
fitted to the muon spectrum. The function used is a convoluwiba Landau distribution, repre-
senting the muon physics, and a Gaussian distributiongsepting the calorimeter noise. The
systematic uncertainty for each fit is of 2%.

In addition, the MIP calibration serves to fix the noise thiad; all hits with an energy below
0.5 MIP are rejected.

The number of SiPM pixel; [pix], firing for a single celi is related to the ADC value for the
cell, AJADC], and the corresponding SiPM gal@?*[ADC] by A [pix] = A [ADC]/CP*[ADC].
The procedure to obtain the gain of each individual SiPMssuased in Sectidn 2.1.

The limited number of SiPM pixels leads to a non-linear resgofor large signals. These
effects are corrected for by a functiofaa( A[pix]), depending on the number of fired pixégpix|.
This procedure is discussed in detail in Secfioh 2.2.

Finally, a common calibration factow, scales the visible energy of electrons in each cell
in units of MIP to the total deposited energy in units of GeViisTfactor is determined to be
w = (42.340.4) MIP/GeV, as discussed in Sectiph 4.



Therefore, in summary, the reconstructed energy of elecigmetic processes in the calorime-
ter is expressed as
>i Ei[MIP]
w[MIP/GeV]’
where the energy of one single cell with indeis E;. The energyE;, given in units of MIP is
calculated according to

Ereco[GeV] = (2.1)

e (ip) = AEDE t A pix). (2.2)

2.1 SiPM gain and electronics inter-calibration factors

The gain of each individual SiPM is extracted from singletpletectron spectra taken in dedicated
runs with low LED light intensity. LED light is necessary dmtbest determination of the gain
requires a single photoelectron spectrum with a Poissomroéabout 1.5 p.e. and the mean
obtained from dark noise events is below 0.5 p.e.

The SiPM gainGf", is the distance between two consecutive peaks in the spigitoelec-
tron spectrum. A typical gain spectrum is shown in Figdre 2miti-Gaussian fit is performed
to the single photoelectron peaks to determine their aeeralgtive distancgJ17]. The mean of
each Gaussian function in the multi-Gaussian sum is leftfemegparameter. Before fitting, a peak
finder routine is used to set each peak mean value to the appai@xliocation of the corresponding
photoelectron peak. It has been seen that fixing the distaeteeen peaks to one common pa-
rameter reduced significantly the number of converged fitee Width of each Gaussian function
is dominated by electronic noise, but for large number oélsiXired the statistical contribution
becomes visible, which lead to an increase of the peak wigtthordingly, the width of each peak
is left as a free parameter. A fit quality flag, based on an dvelnasquare test and the statistics
in the first two peaks of the spectrum, is used to reject baaditlts. Finally, the SiPM gain is
defined from the fit result as the distance between pedesiatesond peak divided by two. An
additional consistency check is performed to ensure thardie between pedestal and first peak
agrees with the defined gain value at better than 2% (BENI GK)EGaussian fits to peaks higher
than the third one are not practically used, but their pra@scription helps to get a stable fit. The
uncertainty on the gain determination is mainly due to tharfd is about 2 % for fits which pass
the quality criteria.

SiPM gain measurements were repeated approximately eiginy lours during test beam
operation. The SiPM gain varies with temperature and tha geasurements can be used to
stabilize the calorimeter response over time. The temperatependence of the SiPM gain is
further discussed ifi [15]. The efficiency of the gain exiacis defined as the number of successful
fits in one gain run divided by the number of channels which lmawcalibrated. About 2 % of all
SiPMs are considered inactive because of initially badesoid or subsequent broken connections
to the SiPM leads. Additionally, about 0.11 % of all chanrats connected to a broken LED. All
these channels are not accounted for in the total of chatimtiean be calibrated.

The efficiency of the gain extraction with one measurementsundicative of the quality of
the LED monitoring system, namely the small spread of LEDtligtensity. Figurg]3 shows the
efficiency of the gain extraction for a series of runs takethenfirst three months of data taking at
CERN and in the first three months at FNAL. Initial problemsindg the system commissioning
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Figure 2. Single photoelectron peak spectrum taken with a SiPM in tHEAL detector.

phase led to low efficiency, but after commissioning a gainaetion efficiency of about 95 % per
run has been achieved. The gain efficiency was also stakletefhsportation and throughout the
FNAL runs. Combination of several gain runs yields calilamaibf more than 99 % of all cells. The
remaining 1 % of cells are calibrated with the average of tbdute to which they belong.

The measurement of SiPM gain is performed with a special nobtlee readout chip, with a
choice of high pre-amplification gain and short peaking tohB0 ns which improves the signal to
noise ratio at the single pixel level. In contrast, the mualibcation and the physics data taking
are performed with approximately ten times smaller elextr@amplification, to optimally fit the
available dynamic range, and about 180 ns peaking time togeaufficient latency for the beam
trigger. The inter-calibration factol;, of the chip gain between the calibration mode (CM) and
the physics data mode (PM) along with the SiPM gain are usatktermine the overall SiPM
calibration factorCP*[ADC], used in Eq[2}2:

CP* = Gft[ADC(CM)]/I;. (2.3)

The extraction of the inter-calibration coefficients degenn the linear response of the chip
in both modes for an overlapping range of input signals. Tipat signal is provided by the LED
system injecting light into the tiles. The amplitude of thgnal is varied within the linear range
by varying the LED light intensity. The ratio between theshm responses in the two operational
modes is the inter-calibration coefficient for one giverdaa channel. Ideally, this factor should
be a simple constant between the two chip readout modeg, twihé out to depend on the SiPM
signal form due to the different shaping times in the two nsodeor longer SiPM signals (larger
guenching resistor) the inter-calibration is bigger thanshorter SiPM signals (smaller quenching
resistor). The inter-calibration factors between the chgmdout modes range between 4 and 13.

As with the gain, the inter-calibration extraction effiadgns influenced by the quality of the
LED light distribution system. The inter-calibration cbeient extraction efficiencies during the
2007 and the 2008 data taking periods are plotted in FiguragBt). After commissioning was
completed, all channels with the exception of the 2 % inaatlvannels and the channels connected
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Figure 3. Gain calibration efficiency (left) and electronics intetdibration efficiency (right) over the AH-
CAL data taking period at CERN in 2007 (red dots) and at FNAR®8 (open blue triangles). More than
85.0 % of the channels could be monitored for gain and irgdibiation variation during these periods.

to a broken LED, could be inter-calibrated. For the missimtgri-calibration values the average of
the module to which a SiPM belongs is used instead.

The uncertainty on the inter-calibration coefficient hasrbestimated from the comparison of
several runs and is found to be better than 1 %. Temperatdrediage changes do not affect this
coefficient since it is mainly driven by the stability of thensponents of the readout chip and of
the SiPM guenching resistor, all of which are stable in a eanfh—10 degrees.

2.2 SiPM non-linearity

Due to the limited number of pixels and the finite pixel reagviame, the SiPM is an intrinsically
non-linear device. The SiPMs used in the AHCAL have a totdlldd6 pixels with a recovery time
between 25 ns ands, depending on the value of the quenching resistor.

The response function of a SiPM correlates the observed euoflpixels fired,N,ix, to the

true number of photoelectrons generétdupe. The response of a SiPM can be approximated by
the function

Npix = Neot - (1- e_Npe/Nmt)7 (2.4)

with N the maximum number of fired pixels. This formula is a usefydragimation for the case
of uniform light distribution over the pixels and short lighulses. Npe is an effective number of
photo-electrons which includes cross-talk and aftergsildn the analysis presented here, we do
not directly apply this formula but use tabulated measurgmimstead.

1The number of photoelectrons is the true number of photaashiag the SiPM front face multiplied by the SiPM
photo-detection efficiency.



The correction function applied in the calibration chaig(E.2) is the residual to linearity of
the inverted SiPM response function,

foalNow) = {0 1 N (2.5)

The correction factor is close to unity for signals of abodipels or 2 MIPs, and increases
exponentially up to infinity for signals in saturation. A chkds made to ensure that no unreasonable
correction factor is applied. In practice, the largest ection factor is~ 5.

The response curves of each SiPM has been sampled with 2Qumeesnt points on a test
bench setup illuminating each SiPM with LED light of variakihtensity. For these study, the
SiPMs were not mounted on a tile, bare SiPM. Therefore, alpiikels have been illuminated with
light in a homogeneous way. The measurement results foiRMSinstalled in the AHCAL are
given in []. The maximum number of fired pixelsig(bare)) for each SiPM is extracted with a fit
to the measured points using Eq2.4. The spread (RMS) indives ofNiot(bare) between all the
curves is about 20 %. SiPMs witkky(bare) > 900 have been pre-selected. This ensures not too
large variations in the non-linear response function ohed®yvice. The 20 measurement points for
each SiPMs are stored in a database. A linear interpolafitimeese points is used to calculatgy
from Eq[2.5 and linearize the calorimeter response duratg tkconstruction.

Alternatively, Nt has also been extracted using the AHCAL LED monitoring system
measurements with the with SiPM mounted on a thg,(mounted)). As the saturation point
in number of pixels is independent on the linearity of thdnjgno correction of the LED light
intensity with PIN diode has been applied for this study.uFéj shows the ratio df:.:(mounted)
to Nit(bare). The plot shows that the maximum number of pixels énithsitu setup is on average
80.5 % of the value determined in the laboratory sefup [18f wiwide distribution (RMS=9 %).
This is an effect of a geometric mismatch between the WLS f@ibdrthe photodetector. The fiber
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Figure 4. Ratio of maximum number of fired pixelsio:(mounted), measured with SiPM mounted on a tile
to Nyot(bare) measured directly with bare SiPMs.
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Figure 5. Top view of the CERN beam test setup. The plot shows the im&ntation in 2007 (not to
scale). The beam enters from the left side. See text for eafitans of the components.

has a 1 mm diameter while the SiPM active surface area Isrin?; the geometric ratio between
areas is 79 %, in agreement with the measured value. Therefiolly a fraction of the SiPM surface
is illuminated and the laboratory curves are re-scaled byntleasured value of 80.5 % to correct
for this effect before they are used to correct for the SiPMrsdion.

The uncertainty of the determination of the saturation pfmna single channel is lower than
3%, if the LED light range properly covers the SiPM satumatiegion, and if this region is mea-
sured well below the ADC saturation. Unfortunately, thesaditions are true only for a sub-
sample of about 73 % channels. Also judging from the tailhiéndistribution of Figur¢]4 some of
the fitted results need to be investigated more accuratehthis reason, an average scaling factor
is used for all channels. Further studies will address thesipdity of using a channel-by-channel
factor instead.

Furthermore, the measured SiPM response points, from whiltorrection of non-linear
detector response is calculated, are affected by the SiPMugaertainty of 2 %, discussed in the
following section.

3. The test beam experiment

3.1 The experimental setup at CERN

The data discussed in the following were collected in July72&t the CERN SPS test beam facility
H6b. A sketch of the experimental setup is shown in Fidlire parifrom the fully equipped
AHCAL and a prototype of a tail-catcher and muon tracker (TC[lg]), the beam installation
consists of various trigger and beam monitoring deviceshrasholdCerenkov counter was used
to discriminate between electrons and pions. The beametriggs defined by the coincidence
signal of two plastic scintillator counters with 3010 cn? area, referred to as Scl and Sc2 in
Figure[$. One scintillator trigger (V1), with an area of 2@0 cn? and analog read out, tagged
multi-particle events. Another scintillator with a 180100 cn? surface and a 20 20 cn? hole in
the center (V2), was used to reject the beam halo. Threectiaihbers (DC1, DC2 and DC3) were
used to monitor the beam and reconstruct tracks. Eventsdamga scintillator with 108 100 cn?
area (Mcl), placed behind the TCMT are most likely to be muons



During most of the tests, a silicon tungsten electromagrzlorimeter [19] was placed in
front of the AHCAL, but this was not the case for the resultsorged here. The AHCAL was
placed on a movable stage, which could shift the detectdicadly and horizontally. In addition,
the detector can be rotated with respect to the beam direfrtion an angle of 90(beam normal
to the detector plane) to approximately’60

3.2 Monte Carlo simulation

The test beam setup as shown in Figdre 5 is simulated with BI@R®], a GEANT4-based [[13]
Monte Carlo program, followed by a digitization package @mting the response of the detector
and electronics. The particle gun of the simulation is pors#d upstream of th€erenkov detector.
The beam position and spread are chosen to match the beassshapsured in data by the Dirift
Chamber, DC3. The beam particles are parallel to the beasn @xtording to the measurements
in the three Drift Chamber detectors. The material upstreamme AHCAL is simulated. The
sub-detectors are simulated with different levels of dedaipending on their impact on the physics
analysis: material simulation only for ti@@erenkov counter, raw energy depositions stored for the
trigger counters, and partial electronics simulation Far tracking detectors. For the AHCAL, the
simulation gives the raw energy depositions in a virtuahtitator grid of 1x 1 cn¥ tile size. The
simulation is followed by a digitization procedure, whietkés into account

e the realistic detector granularity,

light cross-talk between neighboring tiles,

non-linearity and statistical fluctuations on the pixellsca

SiPM and readout electronics noise.

The actual geometry of the AHCAL is simulated by summing up slgnal yield of 9 (36, 144)
virtual cells to obtain those of the actual geometry 3(6 x 6, 12 x 12) cn? cells.

Light cross-talk between neighboring cells, due to the ifgot reflective coating of the tile
edges, is simulated assuming that from each 3 cm-long tije &b % of the scintillator light leaks
homogeneously to the neighboring tile. This value is sctdédke into account the fraction of edge
shared with the neighbors for cells of different size. Theoant of light cross-talk was checked
experimentally only for two tiles. The leakage from one &tlge was quantified to be about 2.5 %.
No information on the spread of this value between all tiegiven. This value is expected to
influence the energy reconstructed and the transverse slpoafile. From the comparison of the
energy reconstructed in simulation and data, the valuesd¥aXor the light cross-talk on each tile
edge is found to be adequate. A light cross-talk of 1.25 % &b % leads to a difference in the
energy scale between data and Monte Carlo larger then 5 %.

To simulate the non-linear behavior of the photodetectties.energy deposition is translated
from GeV to the number of fired SiPM pixels. For this, an intediate step converts the response
simulated in units of GeV to MIP equivalents. The converdmctor is estimated from the simu-
lation of an 80 GeV muon beam in the AHCAL and is found to be 8%/KIP, corresponding to
the energy lost by a minimum ionizing particle in the sciatdr. The amplitude in units of MIPs
is then converted into pixels, using the measured lightdyfel each individual channel. With
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this scale the measured SiPM response curves from the tedh bee used to simulate the SiPM
non-linearity. Where not available, the curve of the nexghieoring tile is applied.

If Npix is the amplitude in pixels obtained this way aNgay is the saturation level of the
individual channel, statistical effects are accountedbfpgenerating a binomial random number
with Nmax repetitions and a probability ®pix/Nmax. The result is treated as the number of pixels
firing for this specific event, and is translated back to th&gtale with the channel-specific light
yield.

At this stage, the Monte Carlo signal simulated the respafighe AHCAL to the energy
deposited by particles in an event. However, both the arittrcomponents and the SiPM dark
current induce noise. This noise component is assumed tarbpletely independent of the physics
signal amplitude in each channel and thus is taken into axtdyuadding to each Monte Carlo event
a MIP-calibrated random-trigger event from data.

After addition of noise, simulated events are assumed t@biaent to MIP-calibrated data
and are treated the same way for all successive steps. Aaettould not be calibrated in the real
detector, either due to an inactive photodetector or toingssalibration values, is also ignored in
the simulation. This is about 2 % of the total number of cellthie calorimeter.

4. Calorimeter response to positrons

4.1 Selection of positron events

The analysis presented here is based on positron runs retdeznd 50 GeV. Each energy point
has more than 150k recorded beam triggers. All positron hawe been simulated with similar
statistics to the corresponding data runs.

Single positron showers are selected for analysis usinggam instrumentation. Although the
beam configurations are set to deliver a positron enrichathbsome contamination, mainly from
muons, exists. The pion contamination is expected to begilelg, since the tertiary positron beam
is produced from a higher-energy mixed beam impinging onira(thXo) lead target which does
not result in the production of lower-energy tertiary pionehe muon contamination originates
from the in-flight decay of hadrons upstream of the product&rget, which results in a muon
component that passes the momentum selection.

Cells with a signal above threshold are called hits Bpg> 0.5 MIP is required. To reject
empty events that can occur due to random triggers or sedtparticles, the number of hits has to
be Nhit > 65. Furthermore, the energy weighted center-of-gravithébeam directiornz], defined
as(z) = Y;zE/ 3 Ei, has to bgz) < 390 mm (about half of the calorimeter depth). This require-
ment reduces muons, which deposit their energy equallyilwlistd over the entire calorimeter
depth, as opposed to electrons which have a short showeiigedtin the first half of the calorime-
ter. It was found that this muon rejection was more efficibantthe selection based either on the
Cerenkov counter, which does not provide electron-muoarsgipon for 30 GeV and above, or on
the muon trigger Mc1 which has an efficiency of about 50%.i€lagt which interact in the material
upstream of the AHCAL are removed by requiring a good tracthendrift chambersx?/dof <
6), and a MIP-like energy deposition in the multiplicity cder (V1). With these selection criteria,
45 % of all recorded events at 10 GeV are accepted. Accordimgonte Carlo studies 99.9 % of
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Figure 6. Hit energy spectrum for 40 GeV positron showers comparelabdf 40 GeV and 80 GeV pion
showers from a GANT4 simulation.

all electron events pass the selection criteria, where&%®f all muon events are rejected. The
typical fraction of muons in a run is about 5-10 %.
The uncertainty on the mean energy of the beam is reportddlirtg be

AEbeam . O 12

= @ 0.1%. 4.1
Ebeam Epeam[GeV) 1

The first term is related to hysteresis in the bending magnétke the calibration and the un-
certainties on the collimator geometry give the constamhteSince this uncertainty is negligible
compared to the detector uncertainties, we assume the beengyeto be fixed in the following.
The dispersion of the beam energy can be calculated acgotdif22] from the settings of the
momentum selecting collimators on the beam line and is flothal runs in this analysis below
0.24 %.

4.2 Linearity

The linearity of the calorimeter response for a large rangimadent particle energies is a key
feature, which allows for an important test of the calitmatchain. Electromagnetic showers offer
the most rigorous test for non-linearity correction, sitice energy deposited per single tile in
an electromagnetic shower is larger than that in a hadrdrower for the same particle energy.
Figure[§ shows the hit energy spectrum of a 40 GeV positromwshcompared to the spectra of
40 GeV and 80 GeV pion showers. The positron shower cleadyniare hits with high energy
deposition, even when the total particle energy is only thedlf of the pion.

A set of runs of positrons with normal incidence to the catater and impinging at the center
of calorimeter front face is analyzed. To minimize the infloe of noise, the energy is summed
up in a cylinder around the shower axis. Where the showerisixisfined by the tracking system.
This cylinder, sketched in Figuig 7 (left), has a radius of libte radii ¢ = 5 Ry, with Ry =
2.47 cm [8]), which ensures a lateral containment of more tf%®f the shower energy.
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Figure 7. The shower energy is summed up in a cylinder (left); see axdétails. Spectra of the energy
sum for positron data with energy between 10 GeV and 45 Gejiitlri For each spectrum the mean energy
response in units of MIEEmean is Obtained with a Gaussian fit in the rang2o.

The lengthL of the cylinder is chosen to contain the whole shower endfgym the simulation
of a 50 GeV electron showeris fixed to 20 layers. Figurg 7 (right) shows the final recartéd
spectra for positron runs in the energy range 10 to 50 GeVpbk#rons are normally incident on
the calorimeter front face, with a distribution centeredhia same calorimeter cell for each run.
The distribution is fit with a Gaussian function in the rang@o. The position of the peak is taken
as the mean energy responEgean measured in units of MIP.

The reconstructed energy of a 10 GeV positron shower is caedp@a the digitized energy
from a Monte Carlo simulation in Figuf¢ 8. The agreement ketwdata and simulation is satis-
factory.

The statistical uncertainties on the mean energy deposiie negligible. The main source
of systematic uncertainties is 2% on the MIP scale calibnatiThe uncertainty of 2% on the
SiPM gain determination, resulting from the fit stabilitydaime uncertainty on the determination
of the SiPM saturation level both affect the correction & 8iPM non-linear response. For the
saturation level a common re-scaling factor is applied k&G#M curves determined in the lab-
oratory setup. The rescaling is needed to account for th@apalumination of the SiPMs from
the WLS fiber as discussed in Section] 2.2. As shown in Fifjutbetratio between the in-situ
measured SiPM saturation level and the test-bench detedwidue has a wide distribution. Since
a common factor of 80.5 % is used to rescale all SiPM respamses, an uncertainty of 11.3 % on
this value is assumed, which represents the spread of afureshvalues as taken from Figute 4.
To account for this uncertainty in an uncorrelated way foS#PMs, 100 experiments have been
performed assigning different rescaling coefficients facrechannel, generated randomly with a
Gaussian distribution centered at 0.80 and with a sigma0$k. or each experiment the energy in
the calorimeter is reconstructed, using the set of curveasated by these randomly generated co-
efficients to correct the non-linear SiPM response. Findily one standard deviation spread of the
100 reconstructed energies from these simulated expetsimetaken as the systematic uncertainty
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Figure 8. Reconstructed energy of a 10 GeV positrons for data (blat®) @md for Monte Carlo (filled
yellow histogram), as well as a Gaussian fit to data (blug.line

for the reconstructed energy. All of the above listed systicruncertainties are uncorrelated and
thus added in quadrature. The total systematic error rainges0.2 GeV (2 %) at 10 GeV to 1.7
GeV (3.4 %) at 50 GeV.

The reconstructed energy in GeV is obtained&as, = Emean/W, Wherew is the electromag-
netic energy scale factor (MIP-to-GeV). The scale factaleiermined with a linear fit from zero to
50 GeV to the distributiofEnead MIP] versusEpean{GeV|. The resulting values for data and Monte
Carlo arewgaia= (42.3+0.4) MIP/GeV andwyc = (42.0+ 0.4) MIP/GeV, respectively. Within
the uncertainties, the scale factors are in good agreement.

The linearity of the AHCAL response to positrons is shown igufe [9. A comparison of
the data before and after correction for the SiPM non-limeaponse indicates the magnitude of
this correction, which does not exceed 10 % even at 50 Ge\frpngnergy. The values shown in
Figure[9 are reported in TabfE 1.

The residuals for data and Monte Carlo are presented in &{@@r Here, the green band
indicates the quadratic sum of the energy dependent systeumzertainties. In Table 1 the con-
tribution to the uncertainty from the SiPM gain variatioﬁﬁai”, and from the saturation point
determinationgg®are listed. The uncertainty on the MIP scalP, cancels in the ratio since the
same calibration constants are used in data and Monte @affigure[ID (left), the residuals from
the linear function suggests a non-zero offset at zero gndigs negative offset is the combined
effect of the 0.5 MIP threshold (loss of energy) and the detewise (addition of energy). Instead
of the more conventional linear function with= 0, the functionEmean= a- Epeam+ b can be used
to fit the data in the range 10-50 GeV. A valuebof —10.3+ 7.4 MeV is found for the Monte
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Figure 9. Linearity of the AHCAL response to positrons in the range3®&eV. The blue dotted line shows
the exact linearity. Black dots correspond to data cortEfitteSiPM non-linear response, blue triangles show
the data before this correction, and the open red trianglas the simulation. The green band indicates the
systematic uncertainty as quoted in Tabla®! [GeV].

Carlo offset. Once this offset is removed the Monte Carlediity is better than 0.5% over the
whole range, as shown in the right plot of Figlirg 10.

The deviation from linearity (Fig. 10 left) in data is lessithl % in the range 10 to 30 GeV
and the maximum deviation is about 3% at 50 GeV. The remainomglinearity at high energies
hints at problems with the rescaling of the saturation csinegs described in Sectign 2.2. This
behavior is not sufficiently reproduced in the Monte Carlgitiiation, where the same curve is

Data MC
Ebeam Ereco 5|¥| P [%] 6|(£3ain [%] 6|§at [%] Até)t [GeV] Ereco Até)t [GeV]
10 9.9 2.0 0.3 0.4 0.2 9.9 0.2
15 15.0 2.0 0.5 0.8 0.3 15.0 0.3
20 20.1 2.0 0.7 1.2 0.5 20.2 0.5
30 29.9 2.0 1.1 1.8 0.9 30.4 0.9
40 39.3 2.0 1.2 2.3 1.3 40.8 1.3
50 48.3 2.0 1.4 2.6 1.7 51.0 1.8

Table 1. AHCAL energy reconstructed in data and MC (in units of Ge\fMarious positron beam energies.
The table reports the values plotted in Figure 10. The syatierancertainties for data are detailed in their
percentage values. The total absolute efris the sum in quadrature of the uncertainties on the MIP, on
the SiPM gain and on the saturation point determination.
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Figure 10. Residual to a fit of the data and Monte Carlo points presemtﬁiig'ure[p using, the function,

y = ax, (left), and the functiony = ax+ b (right), in the range 10-50 GeV. Black dots correspond te,daid
open red triangles to simulation. The green band indic&testm in quadrature of the energy dependent
systematic uncertaintie§S2" and 3g3tin Table 1.

used to simulate saturation as is used to correct for it.

The impact of the saturation correction is better seen imreif] where the energy per hit
is shown with and without the correction factty,; applied, for 30 GeV electromagnetic showers.
Whereas the correction is negligible for low signal amplés, it becomes significant at larger
amplitudes, resulting in a strong correction for the taithed distribution. The maximum energy
deposited in one cell for a 30 GeV electromagnetic showera30 MIPs corresponding to about
3450 pixels (assuming a light yield, LY = 15 pixel/MIP). Fbid amplitude the correction factor is
fsa(Ai) ~ 3.1. The remaining miss-match between data and Monte Carmdrb00-200 MIPs is
an effect of the non-perfect correction of the non-lined&Niresponse. This imperfect correction
affects only a small fraction of the total energy; the hitexa50 MIPs contribute only 0.5 % (4 %)
of the total energy at 10 GeV (40 GeV).

4.3 Electromagnetic energy resolution

The energy resolution is a principal figure of merit in caloeiry and is estimated as the width
divided by the mean of a Gaussian fit to the energy sum witho of the mean of an initial fit
over the full range. The resolution achieved with the AHCAlplotted as a function of the beam
energy in Figur¢ 32. The values shown in this figure are refdrt Tablg2. Fitting the AHCAL
energy resolution in a range &f2g, with

E_ % apa= (4.2)

results in a stochastic term af= (21.9+1.4)%/./E[GeV], whereas the constant termhs=
(1.0+1.0)%. The noise term of = 58.0 MeV is extracted from the spread (RMS) of the random
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Figure 11. Hit energy spectrum for 30 GeV positron showers in the AHCRBIpen circles (black dots)

distribution in a linear scale.

trigger event distribution and kept constant during thénfittprocedure. The energy resolution

agrees well with that of an earlier prototype (Minical) witB8 channels and of the same sam-
pling [24], that was tested in the energy range between 1 &eMéand reached a resolution with

a stochastic terrm = (20.7+£0.7) %/+/E [GeV] and a constant terim= (2.6 + 1.3) %.

The energy resolution of the simulation is found to have alsetic term ofa = (215+
1.4)%/,/E[GeV], a constant term ob = (0.7 +1.5)% and again a fixed noise term of=
58.0 MeV. Within the fit uncertainty, the stochastic terms ofedahd simulation are in good agree-
ment. The noise term is fixed to the same value as for data #iecroise in the simulation is
artificially added from random trigger data events. The tamistermb, representing calibration
uncertainties and non-linearities, should be zero in thrukition, since the same curves are both
in the simulation of the non-linear SiPM response and indtsaxtion.

4.4 Shower profiles
The longitudinal profile of a shower induced by a particlehwititcident energ¥ in GeV traversing
a matter depth can be described a5 [23]

f(t) = % = at®.e ™, (4.3)

where the parametex is an overall normalization, and the parameterand b are energy and
material-dependent. The first term represents the fasteahise, in which particle multiplication is
ongoing, and the second term parametrizes the exponehndaies decay. Given this parametriza-
tion with t in units of radiation lengths, the particle multiplicatiand the energy deposition reach
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Figure 12. Energy resolution of the AHCAL for positrons (black circle¥he resolution agrees with that
of a previous prototype (black triangles) with the same damgstructure. The errors are the quadratic sum
of statistics and systematic uncertainties.

Data MC
Epeam[GeV] | 0g/E [%] Uncertainty [%] | og/E [%] Uncertainty [%]
10 7.11 0.47 6.90 0.49
15 5.83 0.36 5.45 0.38
20 4.95 0.32 4.90 0.34
30 3.97 0.29 4.00 0.31
40 3.54 0.26 3.51 0.27
50 341 0.25 3.07 0.26

Table 2. AHCAL energy resolution in data and MC for various positraatm energies. The table reports
the values plotted in Figure 13. The listed uncertaintieduitle statistical uncertainties and systematic
uncertainties added in quadrature.

their maximum after

E
tmax = [In —- 0.5} (4.4)

C

radiation lengths from the beginning of the cascade of agbamvith energyE. The critical energy,
& is a property of the calorimeter material and does not depétite energy of the particle. The
positiontyax is called the shower maximum.
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Figure 13. Longitudinal profile of a 10 GeV positron shower in unitsXef (left) and scaling of the shower
maximum as a function of the incident energy (right). Theoretructed energy (left plot) is shown for data
(solid points), simulation (yellow-shaded area) and a fih data using Eq. 4.2 (black line). The bottom
insert shows the data/Monte Carlo comparison. The showgimmuan (right plot) is shown for data (solid
points), simulation (red open triangles) and the theoryeetgtion given in Eq. 4.3 (blue solid line).

The mean longitudinal profile of a 10 GeV positron shower iswahin the left plot of Fig-
ure[1B. Due to the high longitudinal segmentation of the AHICthe shower rise, maximum and
decay are clearly visible. Data and simulation are in gai@itly good agreement. To quantify
this agreement, the profiles at each recorded beam energjjtedavitn Eq.[4.B and the maximum
shower depth calculated &sx = w/b. The development of the shower maximum as a function of
the beam energy is shown in the right plot of Figure 13. Therdyars show the uncertainty from
the fits. The extracted shower maxima of both data and sifoalare in good agreement with the
theoretical behavior for a pure Fe calorimeter with a ailtinergy, from[[23], of. = 21.04 MeV,
given in Eq[4}.

The transverse shower profile of a 15 GeV positron showerag/shin Figure[14 together
with a simulation. The radiug, is calculated with respect to the track of the incoming ipkert
extrapolated from the tracking system to the AHCAL frontdfad@ herefore, the radius is defined
asp? = (X — Xrack)? + (Vi — Yirack)%, Where &, Vi) are the coordinates of the calorimeter cell with
signal above threshold. The energy deposited in a calogindll is normally assigned to the
center of the cell. For the radial profile studies it is readtisted uniformly in bins of 1 mrh
before being assigned to one annular bin of inner ragiusin this way the energy deposited
in one calorimeter cell can be shared between two adjacentlambins. Proper normalization
accounts for the fraction of the calorimeter cell area ceddny each annular bin. The data
indicate a broader shower than expected from simulatione ddiculated mean shower radius
(R) = ZZE—iEipi) for 15 GeV showers in data is about 9 % larger than the siradlahe. The energy
dependence ofR) is shown on the right plot of Figufe]15 (left). The differerisealmost energy
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Figure 14. Transverse profile of a 15 GeV positron shower. The energgitjeis shown in 10 mm wide
concentric rings centered around the shower axis.

independent. For completeness also the comparison of th® RMR2> —(R)?) of the shower
radius distribution is shown in Figufe]15 (right). An enedgpendent disagreement of data and
Monte Carlo is observed for this variable which increasesrtaximum of 7 % for 50 GeV. Several
studies have been performed to find the cause of this effeletdimg effects of noisy and inactive
cells, different beam shape, influence of the light crofishiatween tiles, misalignment between
calorimeter and tracking system and of calorimeter lay&hge broader shower in data is still not
understood and further studies of asymmetric light cdldecon the tile, influence of varying dead
space between tiles due to varying thickness of reflectotirgpaetc., will follow to investigate
the discrepancy. For the purpose of the validation of thivi@lon procedure the current level of
agreement is acceptable, though this mismatch will have taken into account when comparing
hadronic shower shapes. Furthermore, hadronic showeesaehawuch smaller energy density than
electromagnetic showers; therefore, any local effects, {fie impact of dead areas or misalignment
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Figure 15. Mean (left) and RMS (right) of the transverse shower distidn as a function of beam energy.
Black dots correspond to data and red open triangles camelsjo Monte Carlo.
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Figure 16. Schematic view of tile positions in an AHCAL scintillatorgsle used for the uniformity test
(left) and uniformity of the calorimeter response for vaisgositions of incident beam with respect to the
detector (right). Tile position eight is approximatelyiretcenter of each calorimeter layer. The dashed lines
show the systematic uncertainties. Statistical errorsiagtigible.

between layers), are strongly amplified in electromagrsdtawers, while the influence is expected
to be much less pronounced in hadronic showers.

5. Uniformity studies

5.1 Uniformity of the calorimeter response

The uniformity of the AHCAL response is explored by shiftitigg AHCAL to different positions
with respect to the beam axis, at normal incidence angles piticedure is visualized in the left
part of Figurd 16. Each square in the sketch represents am#lating tile of 3 x 3 cn? and beam
events with a track pointing to axil cn? region centered on each tile in turn were selected. The
uniformity of the calorimeter response at the 15 differepgifions has been tested. For this study
10 GeV positron runs are analyzed, where the movable stageisea to displace the calorimeter
in thex-y position with respect to the beam-linegxis).

As shown in the right plot of Figurp JL6, when excluding pasitilO, the uniformity of the
calorimeter response is better than 2.1%. The 10 % devidkgtween reconstructed and beam
energy at position 10 is due to an inactive cell at the showaeximum, which is not corrected in
the calibration.

5.2 Angular dependence of the calorimeter response

The movable stage carrying the AHCAL was used to collecttpmsidata at incident angles of
90, 8(r, 70" and 60. The rotation and staggering of the AHCAL are sketched indfteplot of
Figure[1}, where the beam is entering from the top. In theedteonfiguration, the modules were
staggered to ensure the highly granular core>o38n¥ was aligned with, and hence sampled, the
shower core.
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Figure 17. Schematic view of the AHCAL rotated with respect to the bekaft)(and reconstructed energy
of 10 GeV positrons normalized to the average versus angtemfence (right). To improve legibility, the
data (solid points) and the simulation (red triangles) Aglagy shifted in opposite directions on the abscissa.
The systematic uncertainty is shown by dash-dotted linedditonally, the spread of all measurements
performed at one inclination angle are shown as an errorgci eoint.

For each incidence angk several 10 GeV positron runs with different impact pointstios
calorimeter front surface were taken. The average of allrtins is used to definEeco, at one
given 0, while (Ereco) is the mean reconstructed energy at any incidence angle ndinealized
reconstructed energy is plotted in Figliré 17 as a functiol.ofhe spread (RMS) between the
various analyzed runs per inclination angle is used as thsatic uncertainty. This spread
is smaller than the calibration systematic uncertaintyhim ¢alorimeter, shown in the plot as an
error band around the ratio of one. Showers at various iaitin angles only partially share the
same calorimeter cells, therefore the full systematic aa#y from calibration is an overestimate
of the real error, but the spread between measurementsmpedoat one inclination angle is an
underestimate. Taking this into account, the increasedrrébonstructed energy of data between
60° and 90 is not significant. A more precise analysis would require ergtata at different angles
which are not available at present.

5.3 Influence of cell structure

The scintillating tiles used in the AHCAL have a WLS fiber emitied in a groove, a SiPM inserted
into a small groove on one end of this fiber, and a mirror in @gean the other end. This structure
is visible in the picture of a & 3 cn? tile in Figure[I, where the SiPM is located in the lower left-
corner, the mirror is placed in the diagonal corner, and tHeS\iiber is embedded in a quarter
circle.
Since electromagnetic showers have a short transversesette the impact of the cell struc-

ture slightly reduces the energy resolution of the calom@melo study this effect, we take advan-
tage of the drift chambers that were present in the beam [y are used to reconstruct the
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Figure 18. Picture of the scintillating tile (left). Effect of the AHQAscintillator tile structure on the energy
measurement (summed over the entire calorimeter) for 10 &estromagnetic showers (right).

track of the incoming particle. This track is then extrapsthto the front face of the AHCAL.
The shower energy (energy summed over the entire calonijfetel0 GeV positrons with this
impact position, normalized to the shower energy averaged al impact positions, is plotted in

Figure[1B.

As shown in the figure, the measured energy drops slightly tvearea of the WLS fiber. A
particle with a trajectory intersecting the SiPM (in the &nieft corner of the plot) or the reflecting
mirror at the end of the WLS fiber (in the upper right cornerhaf plot) shows a significant loss of
response with respect to the tile average by about 8 % and 4péctviey. At the position of the
WLS fiber the tile response is about 2 % lower than average.did at the other two corners of
the tile in this study reflects the energy loss associated thé SiPMs located in the neighboring
tiles as the observable used is the energy summed over tine ealbrimeter. Measurements of
single tile uniformity using a collimated source have beerfgrmed and are reported ih [45] 26].
These measurements confirm a lower response of electrotiaghewers hitting the SiPMs or
the reflecting mirrors. Though this large degradation (8 %hatlocations of the SiPMs) is quite
unrealistic in a collider detector, where the particlesaweays traversing the calorimeter under an
angle. In this case the tile response non-uniformity awesagut with no influence on the energy
resolution. Furthermore, electromagnetic showers haberd kteral extension. For pion showers,
which are much wider, the effect has not been observed in ddta effects of gaps between the
calorimeter tiles, as well as the non-uniform response eftiles, in view of the impact on the
energy resolution, have been studied using Monte Carlotgvéine results are reported n][27]
and show that these type of effects do not have a significoeimce on the measurement of hadron
showers.
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6. Conclusions

The response of the CALICE analog hadron calorimeter totqmosi was measured for energies
between 10 and 50 GeV, using data recorded at CERN in sumr&r Zbie calorimeter response
is linear to better than 3%. A better SiPM saturation coioectvould improve the linearity, and
for future developments a larger dynamic range is desirabhis study is ongoing, but the ef-
fect on pion energy reconstruction will be negligible dugtte much smaller energy per hit in a
hadronic shower compared to an electromagnetic shower.efggy resolution for positrons is
found to have a stochastic term (#1.9+ 1.4) %//E [GeV], and a constant term of about 1 %.
Good agreement between data and simulation validatesrthaegion of the various detector char-
acteristics. For comparison, Rdf.][28] reports for the AR #le calorimeter an energy resolution
of 28 %/ \/E [GeV] stochastic and 2.8 % constant term for electrons at 20 deg frermal inci-
dence. This is also and hadron sampling calorimeter aliaghateel and scintillator tiles, but with
a much coarser granularity than the AHCAL and a differentadoit via standard photomulti-
plier tubes. The same readout technology as in the AHCALsg mhplemented in a scintillator-
Tungsten electromagnetic calorimeter, SCECAL build wittie CALICE collaboration[[29]. For
this calorimeter the energy resolution to electrons i€16f1540.03) %/+/E [GeV] stochastic and
(1.44+0.02) % constant term.

Systematic studies are performed to investigate the guafitthe calibration in as many
calorimeter cells as possible. The uniformity of the calmier response to electromagnetic show-
ers is studied with beams at different impact points andebfit incident angles. The results are
consistent with no angular and spatial dependence witleinjtinted systematic uncertainty on the
calibration procedure.

The high segmentation of the AHCAL is well-suited for studyithe longitudinal shower
development with high accuracy and for determining the gltamaximum. The point of maximum
energy deposition along the shower propagation axis igddchetween 5.8y and 7Xg for the
range of particle energies used, consistent with simuiaitd theoretical prediction.

The transverse shower spread is more difficult to measuraubedt is strongly affected by
uncertainties in the beam profile, in the variation of lighrass-talk between tiles, and in the mis-
alignment of calorimeter layers. Currently, the data iatéca broader shower than expected from
simulation. However, the level of agreement is acceptatni¢hie validation of the calibration pro-
cedure if one considers that the effect on hadronic show#rbevMess important due to the lower
energy density of hadronic showers.

This analysis provided confidence that the detector pedoma and simulation are sufficiently
understood to pursue the investigation of hadronic shawers
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ABSTRACT. The CALICE collaboration is studying the design of highfpemance electromag-
netic and hadronic calorimeters for future Internationalelar Collider detectors. For the hadronic
calorimeter, one option is a highly granular sampling gaieter with steel as absorber and scin-
tillator layers as active material. High granularity is @abed by segmenting the scintillator into
small tiles individually read out via silicon photo-muligrs (SiPM). A prototype has been built,
consisting of thirty-eight sensitive layers, segmented about eight thousand channels. In 2007
the prototype was exposed to positrons and hadrons usingQERN SPS beam, covering a wide
range of beam energies and angles of incidence. The challgfragll equalization and calibration
of such a large number of channels is best validated usimtyefeagnetic processes. The response
of the prototype steel-scintillator calorimeter, inclugilinearity and uniformity, to electrons is
investigated and described.
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1. Introduction

A new generation of calorimeters that exploit unprecedthtgh granularity to reach excellent jet
energy resolution is one of the main R&D goals towards theréutnternational Linear Collider
(ILC) [[]. The particle flow (PFLOW/[[R[]3]]4]) algorithm favsrsingle particle separability over
single particle energy resolution in the attempt to impritnaeeoverall jet energy resolution. Typical
single hadronic showers in the 10-100 GeV range are bestadegan a hadronic calorimeter with
cell size of the order of & 3 cn? [A]. In addition, fine longitudinal segmentation is requirer
PFLOW algorithms to be effective.

The CALICE collaboration[]5] is studying several calorimetlesigns for experiments at the
ILC. With the first generation of prototype detectors newdm# technologies have been estab-
lished for highly granular calorimeters and the stabilifytteese detectors has been demonstrated.
Furthermore, a unique set of data has been collected to badtpnic showers at low and medium
energies in detail with high resolution longitudinal arginsverse sampling.

This paper focuses on the prototype of an analog hadronimedter (AHCAL) consisting
of 38 layers of highly-segmented scintillator plates saictied between 2 cm thick steel plates.
Each scintillator tile is an individual calorimeter celbigkout by a silicon photo-multiplier (SiPM).
Details on the calorimeter structure, calibration and oeéélectronics are given in Sectiﬂ1 2.

Tests using particle beams have been conducted in ordealoag® the performance of the
highly granular calorimeters built by CALICE.

In 2007, the whole detector with 38 active layers was comigrigsl and exposed to muon,
positron and pion beams in the energy range 6 GeV to 80 Ge\idaowy the CERN Super Proton
Synchrotron (SP9T11]), on the H6 beam line. In 2008, the Al@dgether with the ECAL and
TCMC were moved to the FNAL Meson Test Beam Facility (MTBF])1 take data in the 1—
6 GeV energy range over the course of two years.

Ongoing data analyses will quantify the energy and spagisblutions of the prototype for
hadrons, and will continue the validation and further depeient of existing models of hadronic
showers, e. g. the variouse&nT4 [[L3] physics lists. They will also be important for the esipe
mental validation of the PFLOW approadh][14]. The studiethis article focus on the calibration
and performance of the device when exposed to electronsasitigns.

In Section[p, the AHCAL is described, and in Sectjpn 3 theted@eagnetic calibration proce-
dure is discussed. The CERN test beam experiment is deddrnit&ectior] 4. Results on calorime-
ter response to positrons are given in Secfjon 5, followedrbformity studies in Sectiofj 6. Con-
clusions are reported in Sectifin 7.

2. Prototype calorimeter

The AHCAL is a sampling calorimeter with alternating 2 cncthsteel plates and highly-segmented
scintillator-based active layers. The single calorime#dkis a scintillator tile read out via a SiPM.
The scintillator tiles are 0.5 cm thick and have a size of %@um in the 30 cnx 30 cm core region
and increase to 6 crBcm and 12cm 12 cm in the rings surrounding the core. A sketch of one
AHCAL module, as well as a picture of an open module showimgairangement of scintillator
tiles, are shown in Figurfg 1. A wavelength shifting fiber isoentded in the tile, which collects the
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Figure 1. Sketch of one AHCAL module (left). The scintillator tilestwiSiPM readout are embedded in a
steel cassette. The SiPM signal is routed to the VFE eleicsdmcated on the right side. The calibration and
monitoring board (CMB), located on the left side, providas LED light for calibration and the CAN-BUS
readout for temperature sensors located inside the casslton the electronics (red dots). Picture of one
active layer of the CALICE AHCAL prototype (right).

scintillation light and guides it to the SiPM. The other fileerd is pressed against a 3M reflector
foil. The details of one core tile are shown more clearlyrlatehis paper, in the left side of Fig-
ure[1B. The four sides of each tile are matted by a chemicainient providing a white surface
that serves as a diffuse reflector. The two large faces oflthare not individually coated, instead
a large 3M reflector foil is glued to each side of the metal etishosting all tiles providing reflec-
tivity via an air contact. The imperfect reflective coatirigtlee tile edges is responsible for about
2.5% light cross-talk between neighboring cells of 3 cm esige.

SiPM devices from the MEPhI/PULSAR group have been used;imthave an active area of
1.1mmx 1.1 mm containing 1156 pixels, each @&hx32um in size. SiPMs are operated with
a reverse bias voltage of50 V, which lies a few volts above the breakdown voltage, Itegy
in a gain of~10°. A poly-silicon quenching resistor on each pixel is useduergh the Geiger
discharge. The resistor values vary between (bahd 20 M2 for the various batches of SiPM
produced. Larger resistor values have been favored as tilelyaylonger pixel recovery time up to
1 us. In this way a pixel cannot be fired multiple times during somtillator light pulse, though
making it easier to monitor the SiPM response curve with Lightl More details on the SiPM
working principle and its properties are given fh [, 7].

The active layers are referred to as modules, and the suntieé and passive material adds
up to a total depth of 5.3 nuclear interaction lengths.( A more detailed description of the
AHCAL prototype structure is given ir][8]. The analog SiP\grsal is routed to the very-front-end
(VFE) electronics where a dedicated ASIC cHip [9] is usednaitiplexed readout of 18 SiPMs.
The integrated components of the ASIC chip allow to seleetairsixteen fixed preamplifier gain
factors from 1 to 100 mV/pC, and one of sixteen CR2RBapers with peaking times from 40 to
180 ns.



Since the AHCAL was the first detector to employ such a largeber of SiPMs, a specialized
system for monitoring the long-term stability and perfonoa of the photodetectors was required.
In order to monitor the SiPM response function in-situ, asaélfe UV LED light distribution
system was developefl [10]. A calibration and monitoringrd¢€MB) connected to each module
distributes UV light from an LED to each tile via clear fiberBhe LEDs are pulsed with 10 ns
wide signals steerable in amplitude. By varying the voltate LED intensity covers the full
dynamic range from zero to saturation (about 70 times thmasigf a minimum-ionizing particles).
Furthermore, the LED system monitors variations of SiPMgaid signal response, both sensitive
to temperature and voltage fluctuations. The LED light ftseinonitored with a PIN photo-diode
to correct for fluctuations in the LED light intensity.

3. Calibration procedure

One of the aims of the tests discussed here is to establidiableeand robust calibration chain.
This requires measurements with beam particles and with figm the LED monitoring system.
The calibration chain is summarized in the following steps:

¢ calibration of the cell response and cell-to-cell equéiirg
e monitoring of the SiPM gain and corrections for the nondineesponse;
¢ calibration to an energy scale (in GeV) with electromagnstiowers.

The cell-by-cell calibration, and with that the equalimatiof all cell responses, is performed
using minimume-ionizing particles (MIPs) provided by a lilcauon beam with an approximately
Gaussian profile with a width of about 30—40 cm, illuminatalgcells in the detector. For each
cell, a calibration factoiCMP, is determined from the most probable value of the measurerg
spectrum for muons in ADC units, which is extracted with a $ihg a Landau function convolved
with a Gaussian. This fit accounts for the distribution ofrggdoss of muons in the scintillator
tiles as well as for contributions from photon countingistats and electronic noise. The combined
systematic and statistical uncertainty for these fits waE&jly on the order of 2%. The muons are
generally parallel to the beamline and perpendicular ta#tector front face. In this way all cells
can be calibrated at the same time, minimizing the impaamiperature induced variations.

The SiPM gain and photo-detection efficiency are tempegalependent. The product of the
two determines the SiPM response, which typically decielye3.7%/K. A procedure has been
developed to correct temperature-induced variationsdrcéhorimeter response using temperature
measurements in each module. This procedure and its stalill be described in more detail
in [[[(3]. For the analysis presented in this paper, data sssripve been selected to cover a tem-
perature range of less than 0.5 K to reduce the impact of sogieations. To account for the
included temperature variations, the visible energy ohedata set is scaled by -3.7%/K to the
average temperature of the muon data used for calibration.

The number of SiPM pixel; [pix], firing for a single celi is related to the ADC value for the
cell, AJADC], and the corresponding SiPM gai@?*[ADC] by A [pix] = A [ADC]/CP*[ADC].
The procedure to obtain the gain of each individual SiPMssuaised in Sectidn 3.1.



The limited number of SiPM pixels leads to a non-linear resgofor large signals. These
effects are corrected for by a functiofyg( A[pix]), depending on the number of fired pix@lgpix].
This procedure is discussed in detail in Secfioh 3.2.

Finally, a common calibration factow, scales the visible energy of electrons in each cell
in units of MIP to the total deposited energy in units of GeMisTfactor is determined to be
w = (4234 0.4) MIP/GeV, as discussed in Sectiph 5.

Therefore, in summary, the reconstructed energy of elecigmetic showers in the calorimeter
is expressed as
5i Ei[MIP]

wMIP/GeV|’ Gy

ErecdGeV| =
where the energy of one single cell with indeis E;. The energyE;, given in units of MIP is
calculated according to

e (i) = A LDE t A pix). (3.2)

3.1 SiPM gain and electronics inter-calibration factors

The gain of each individual SiPM is extracted from singletpltectron spectra taken in dedicated
runs with low LED light intensity. LED light is necessary dmtbest determination of the gain
requires a single photoelectron spectrum with a Poissomroéabout 1.5 p.e. and the mean
obtained from dark noise events is below 0.5 p.e.

The SiPM gainGf", is the distance between two consecutive peaks in the spigitoelec-
tron spectrum. A typical gain spectrum is shown in Figdre 2malti-Gaussian fit is performed
to the single photoelectron peaks to determine their aeeraigtive distancg17]. The mean of
each Gaussian function in the multi-Gaussian sum is leftfemegparameter. Before fitting, a peak
finder routine is used to set each peak mean value to the appa@xiocation of the corresponding
photoelectron peak. It has been seen that fixing the distaeteeen peaks to one common pa-
rameter reduced significantly the number of converged fitee Width of each Gaussian function
is dominated by electronic noise, but for large number oélgiXired the statistical contribution
becomes visible, which lead to an increase of the peak wigtthordingly, the width of each peak
is left as a free parameter. Finally, the SiPM gain is defimedhfthe fit result as the distance
between pedestal (peak zero) and second peak divided byAwadditional consistency check
is performed to ensure the distance between pedestal ahddak agrees with the defined gain
value at better than 2%. Gaussian fits to peaks higher thaBrthene are not directly used in
determining the gain, but their proper description helpsriprove the stablity of the fits and to
avoid bias on the peak position. The uncertainty on the geaterthination is mainly due to the fit
and is about 2 % for fits which pass quality criteria.

SiPM gain measurements were repeated approximately eigiy lours during test beam
operation. The SiPM gain varies with temperature and tha geasurements can be used to
stabilize the calorimeter response over time. The temperatependence of the SiPM gain is
further discussed i [15]. The efficiency of the gain exiacts defined as the number of successful
fits in one gain run divided by the number of channels whichlwacalibrated. About 2% of all
SiPMs are considered inactive because of initially badesoid or subsequent broken connections
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Figure 2. Single photoelectron peak spectrum taken with a SiPM in tHEAL detector.

to the SiPM leads. Additionally, about 0.11 % of all chanrets connected to a broken LED. All
these channels are not accounted for in the total of chatimstiean be calibrated.

The efficiency of the gain extraction with one measurementisundicative of the quality of
the LED monitoring system, namely the small spread of LEDtligtensity. Figurg]3 shows the
efficiency of the gain extraction for a series of runs takethafirst three months of data taking at
CERN and in the first three months at FNAL. Initial problemsidg the system commissioning
phase led to low efficiency, but after commissioning a gainaetion efficiency of about 95 % per
run has been achieved. The gain efficiency was also stakeletefhsportation and throughout the
FNAL runs. Combination of several gain runs yields calitarabf more than 99 % of all cells. The
remaining 1 % of cells are calibrated with the average of tbheulte to which they belong.

The measurement of SiPM gain is performed with a special nobtiee readout chip, with a
choice of high pre-amplification gain and short peaking tohB0 ns which improves the signal to
noise ratio at the single pixel level. In contrast, the mualibcation and the physics data taking
are performed with approximately ten times smaller eledtr@mplification, to optimally fit the
available dynamic range, and about 180 ns peaking time togeaufficient latency for the beam
trigger. The inter-calibration factol;, of the chip gain between the calibration mode (CM) and
the physics data mode (PM) along with the SiPM gain are usetetermine the overall SiPM
calibration factorC"[ADC], used in Eq[3]2:

CP* = Gft[ADC(CM)]/I;. (3.3)

The extraction of the inter-calibration coefficients degenn the linear response of the chip
in both modes for an overlapping range of input signals. Tipet signal is provided by the LED
system injecting light into the tiles. The amplitude of thgnal is varied within the linear range
by varying the LED light intensity. The ratio between theshm responses in the two operational
modes is the inter-calibration coefficient for one giverdaa channel. Ideally, this factor should
be a simple constant between the two chip readout modesg, towih$ out to depend on the SiPM
signal form due to the different shaping times in the two nsodeor longer SiPM signals (larger
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Figure 3. Gain calibration efficiency (left) and electronics intetdibration efficiency (right) over the AH-
CAL data taking period at CERN in 2007 (red dots) and at FNAR®8 (open blue triangles). More than
85.0 % of the channels could be monitored for gain and irgdibiation variation during these periods.

guenching resistor) the inter-calibration is bigger thanshorter SiPM signals (smaller quenching
resistor). The inter-calibration factors between the chgmdout modes range between 4 and 13.

As with the gain, the inter-calibration extraction effioigris influenced by the quality of the
LED light distribution system. The inter-calibration cbeient extraction efficiencies during the
2007 and the 2008 data taking periods are plotted in FijuragBt). After commissioning was
completed, all channels with the exception of the 2 % inaativannels and the channels connected
to a broken LED, could be inter-calibrated. For the missimtgri-calibration values the average of
the module to which a SiPM belongs is used instead.

The uncertainty on the inter-calibration coefficient hasrbestimated from the comparison of
several runs and is found to be better than 1%. Temperatdrediage changes do not affect this
coefficient since it is mainly driven by the stability of thensponents of the readout chip and of
the SiPM guenching resistor, all of which are stable in a eanfgh—10 degrees.

3.2 SiPM non-linearity

Due to the limited number of pixels and the finite pixel reagviame, the SiPM is an intrinsically
non-linear device. The SiPMs used in the AHCAL have a totdlldf6 pixels with a recovery time
between 25 ns ands, depending on the value of the quenching resistor.

The response function of a SiPM correlates the observed eunflpixels fired,Nyi, to the
effective number of photoelectrons generatigh, including cross-talk and after-pulses. The re-
sponse of a SiPM can be approximated by the function

Npix = Neot - (l - eine/Nlm)y (3-4)

with N the maximum number of fired pixels. This formula is a usefydragimation for the case
of uniform light distribution over the pixels and short lighulses. In the analysis presented here,



we do not directly apply this formula but use tabulated messents instead.
The correction function applied in the calibration chaig(B.2) is the residual to linearity of
the inverted SiPM response function,

fsat(Npix) = @ log(1—1/Ngo) (3.5)

The correction factor is close to unity for signals of abodpBels or 2 MIPs, and increases
exponentially up to infinity for signals in saturation. A chkds made to ensure that no unreasonable
correction factor is applied. In practice, the largest ection factor is~- 5.

The response curves of each SiPM has been sampled with 2Qumeeesnt points on a test
bench setup illuminating each SiPM with LED light of variabhtensity. For these studies, the
SiPMs were not mounted on tiles, but were bare SiPMs. Thexefdl the pixels have been illu-
minated with light in a homogeneous way. The measuremeulisder all SIPMs installed in the
AHCAL are given in [B]. The maximum number of fired pixel(bare)) for each SiPM is ex-
tracted with a fit to the measured points using Ef.3.4. Theesp(RMS) in the values O (bare)
between all the curves is about 20 %. SiPMs wikh(bare) > 900 have been pre-selected. This
ensures not too large variations in the non-linear respmsgion of each device. The 20 mea-
surement points for each SiPMs are stored in a database e#r linterpolation of these points is
used to calculatés, from Eq[3.p and linearize the calorimeter response duratg ceconstruction.

Alternatively, Niot has also been extracted using the AHCAL LED monitoring system
measurements with the with SiPM mounted on a thg,(mounted)). As the saturation point
in number of pixels is independent on the linearity of thénjgno correction of the LED light
intensity with PIN diode has been applied for this study.uFéj} shows the ratio df:.:(mounted)
to Nit(bare). The plot shows that the maximum number of pixels énithsitu setup is on average
80.5 % of the value determined in the laboratory sefup [16h wiwide distribution (RMS=9 %).
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Figure 4. Ratio of maximum number of fired pixelsio:(mounted), measured with SiPM mounted on a tile
to Nyot(bare) measured directly with bare SiPMs.
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Figure 5. Top view of the CERN beam test setup. The plot shows the im&ntation in 2007 (not to
scale). The beam enters from the left side. See text for eafitans of the components.

This factor is interpreted as geometric mismatch betweerMi#h S fiber and the photodetector.
The fiber has a 1 mm diameter while the SiPM active surface iaréx 1 mn¥; the geometric
ratio between areas is 79 %, in agreement with the measuhee. veherefore, only a fraction of
the SiPM surface is illuminated and the laboratory curvesrarscaled by the measured value of
80.5 % to correct for this effect before they are used to cofr the SiPM saturation.

The uncertainty of the determination of the saturation pfaina single channel is lower than
3%, if the LED light range properly covers the SiPM satumatiegion, and if this region is mea-
sured well below the ADC saturation. Unfortunately, thesaditions are true only for a sub-
sample of about 73 % channels. Also judging from the tailhindistribution of Figur¢]4 some of
the fitted results need to be investigated more accuratehthis reason, an average scaling factor
is used for all channels. Further studies will address ttesipdity of using a channel-by-channel
factor instead. Furthermore, the measured SiPM respomses ploom which the correction of non-
linear detector response is calculated, are affected b@itPk! gain uncertainty of 2 %, discussed
in the following section.

4. The test beam experiment

4.1 The experimental setup at CERN

The data discussed in the following were collected in July72&t the CERN SPS test beam facility
H6. A sketch of the experimental setup is shown in Fidire 5.ar&from the fully equipped
AHCAL and a prototype of a tail-catcher and muon tracker (TC[lg]), the beam installation
consists of various trigger and beam monitoring deviceshrasholdCerenkov counter was used
to discriminate between electrons and pions. The beametriggs defined by the coincidence
signal of two plastic scintillator counters with 3010 cn? area, referred to as Scl and Sc2 in
Figure[$. One scintillator trigger (V1), with an area of 2@0 cn? and analog read out, tagged
multi-particle events. Another scintillator with a 180100 cn? surface and a 28 20 cn? hole in
the center (V2), was used to reject the beam halo. Threectiainbers (DC1, DC2 and DC3) were
used to monitor the beam and reconstruct tracks. Eventsdamga scintillator with 108 100 cn?
area (Mcl), placed behind the TCMT are most likely to be muons



During most of the tests, a silicon tungsten electromagrzlorimeter [19] was placed in
front of the AHCAL, but this was not the case for the resultsorged here. The AHCAL was
placed on a movable stage, which could shift the detectdicadly and horizontally. In addition,
the detector can be rotated with respect to the beam direfrtion an angle of 90(beam normal
to the detector plane) to approximately’60

4.2 Monte Carlo simulation

The test beam setup as shown in Figdre 5 is simulated with BI@R®], a GEANT4-based [[13]
Monte Carlo program, followed by a digitization package @mting the response of the detector
and electronics. The particle source of the simulation isitmmed upstream of th€erenkov
detector. The beam position and spread are chosen to ma&die#tim shapes measured in data
by the Drift Chamber, DC3. The beam particles are paralleghtobeam axis, according to the
measurements in the three Drift Chamber detectors. Therialatgstream of the AHCAL is
simulated. The sub-detectors are simulated with diffdeats of detail, depending on their impact
on the physics analysis: material simulation only for @erenkov counter, raw energy depositions
stored for the trigger counters, and partial electroniosutation for the tracking detectors. For the
AHCAL, the simulation gives the raw energy depositions irireual scintillator grid of 1x 1 cn?

tile size. The simulation is followed by a digitization pemture, which takes into account

the realistic detector granularity,

light cross-talk between neighboring tiles,

non-linearity and statistical fluctuations on the pixellsca

SiPM and readout electronics noise.

The actual geometry of the AHCAL is simulated by summing up slgnal yield of 9 (36, 144)
virtual cells to obtain those of the actual geometry 3(6 x 6, 12 x 12) cn® cells.

Light cross-talk between neighboring cells, due to the ifgot reflective coating of the tile
edges, is simulated assuming that from each 3 cm-long tijje &b % of the scintillator light leaks
homogeneously to the neighboring tile. This value is sctdédke into account the fraction of edge
shared with the neighbors for cells of different size. Theoan of light cross-talk was checked
experimentally only for two tiles. The leakage from one ¢éitlge was quantified to be about 2.5 %.
No information on the spread of this value between all tiegiven. This value is expected to
influence the energy reconstructed and the transverse slpoafile. From the comparison of the
energy reconstructed in simulation and data, the valuesd¥aXor the light cross-talk on each tile
edge is found to be adequate. A light cross-talk of 1.25 % &b % leads to a difference in the
energy scale between data and Monte Carlo larger then 5 %.

To simulate the non-linear behavior of the photodetectties.energy deposition is translated
from GeV to the number of fired SiPM pixels. For this, an intediate step converts the response
simulated in units of GeV to MIP equivalents. The converdmctor is estimated from the simu-
lation of an 80 GeV muon beam in the AHCAL and is found to be 8%/KIP, corresponding to
the energy lost by a minimum ionizing particle in the sciatdr. The amplitude in units of MIPs
is then converted into pixels, using the measured lightdyfel each individual channel. With
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this scale the measured SiPM response curves from the tedh bee used to simulate the SiPM
non-linearity. Where not available, the curve of the nexghieoring tile is applied.

If Npix is the amplitude in pixels obtained this way aNgay is the saturation level of the
individual channel, statistical effects are accountedbfpgenerating a binomial random number
with Nmax repetitions and a probability ®pix/Nmax. The result is treated as the number of pixels
firing for this specific event, and is translated back to th&gtale with the channel-specific light
yield.

At this stage, the Monte Carlo signal simulated the respafighe AHCAL to the energy
deposited by particles in an event. However, both the arittrcomponents and the SiPM dark
current induce noise. This noise component is assumed tarbpletely independent of the physics
signal amplitude in each channel and thus is taken into axtdyuadding to each Monte Carlo event
a MIP-calibrated random-trigger event from data.

After addition of noise, simulated events are assumed t@biaent to MIP-calibrated data
and are treated the same way for all successive steps. Aaettould not be calibrated in the real
detector, either due to an inactive photodetector or toingssalibration values, is also ignored in
the simulation. This is about 2 % of the total number of cellthie calorimeter.

5. Calorimeter response to positrons

5.1 Selection of positron events

The analysis presented here is based on positron runs retdeznd 50 GeV. Each energy point
has more than 150k recorded beam triggers. All positron haws been simulated with statistics
similar to the corresponding data runs.

Single positron showers are selected for analysis usinggam instrumentation. Although the
beam configurations are set to deliver a positron enrichathbsome contamination, mainly from
muons, exists. The pion contamination is expected to begilelg, since the tertiary positron beam
is produced from a higher-energy mixed beam impinging ormme(ehXp) lead target which does not
result in the production of lower-energy tertiary pions.eThuon contamination originates from
in-flight decay of hadrons upstream of the production tangéich results in a muon component
that passes the momentum selection.

Cells with a signal above threshold are called hits Bpg> 0.5 MIP is required. To reject
empty events that can occur due to random triggers or sedtparticles, the number of hits has to
be Nhit > 65. Furthermore, the energy weighted center-of-gravithébeam directiorz], defined
as(z) = Y;zE/ 3 E, has to bgz) < 390 mm (about half of the calorimeter depth). This require-
ment eliminates muons, which deposit their energy equadliyiduted over the entire calorimeter
depth, as opposed to electrons which have a short showeiigedtin the first half of the calorime-
ter. It was found that this muon rejection was more efficibantthe selection based either on the
Cerenkov counter, which does not provide electron-muoarsgion for 30 GeV and above, or on
the muon trigger Mc1 which has an efficiency of about 50%.i€lagt which interact in the material
upstream of the AHCAL are removed by requiring a good tracthendrift chambersx?/dof <
6), and a MIP-like energy deposition in the multiplicity cder (V1). With these selection criteria,
45 % of all recorded events at 10 GeV are accepted. Accordimgonte Carlo studies 99.9 % of
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Figure 6. Hit energy spectrum for 40 GeV positron showers comparelabdf 40 GeV and 80 GeV pion
showers from a GANT4 simulation.

all electron events pass the selection criteria, where&:%®f all muon events are rejected. The
typical fraction of muons in a run is about 5-10 %.
The uncertainty on the mean energy of the beam is reportgtlirtg be

AEbeam . O 12
Ebeam Epeam[GeV]

The first term is related to hysteresis in the bending magnéike the calibration and the un-
certainties on the collimator geometry give the constamhteSince this uncertainty is negligible
compared to the detector uncertainties, we assume the beengydo be fixed. The dispersion of
the beam energy can be calculated according fo [22] fromettimgs of the momentum selecting
collimators on the beam line and is below 0.24 % for all thesrimthis analysis.

©0.1%. (5.1)

5.2 Linearity

The linearity of the calorimeter response for a large rangmadent particle energies is a key
feature, which allows for an important test of the calitmatchain. Electromagnetic showers offer
the most rigorous test for non-linearity correction, sitice energy deposited per single tile in
an electromagnetic shower is larger than that in a hadrdrower for the same particle energy.
Figure[§ shows the hit energy spectrum of a 40 GeV positromwehcompared to the spectra of
40 GeV and 80 GeV pion showers. The positron shower cleadyniare hits with high energy
deposition, even when the total particle energy is only thelf of the pion.

A set of positron runs with incidence normal to the centethefdalorimeter face is analyzed.
To minimize the influence of noise, the energy is summed up dgliader around the shower
axis, where the shower axis is defined by the tracking sysiénis cylinder, sketched in Figuié 7
(left), has a radius of 5 Moliére radii & 5 Ry, with Ry = 2.47 cm [8]), which ensures a lateral
containment of more than 99 % of the shower energy.

The lengthL of the cylinder is chosen to contain the whole shower enefgy.suggest by
simulations of 50 GeV electron showers, setting L to 20 lay@ntains the showers. Figuie 7
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Figure 7. The shower energy is summed up in a cylinder (left); see axdétails. Spectra of the energy
sum for positron data with energy between 10 GeV and 45 Gejiitlri For each spectrum the mean energy
response in units of MIEEmean is Obtained with a Gaussian fit in the rang2o.

(right) shows the final reconstructed spectra for positrarsrin the energy range 10 to 50 GeV.
The positrons are normally incident on the calorimeter tfifane, with a distribution centered in
the same calorimeter cell for each run. The distribution tisvfth a Gaussian function in the
range+2g. The position of the peak is taken as the mean energy respBrsg, measured in
units of MIP. The reconstructed energy of a 10 GeV positrawsn is compared to the digitized
energy from a Monte Carlo simulation in Figuie 8. The agregrbetween data and simulation is
satisfactory.

The statistical uncertainties on the mean energy deposiie negligible. The main source
of systematic uncertainties is 2% on the MIP scale calibnatiThe uncertainty of 2% on the
SiPM gain determination, resulting from the fit stabilitydatine uncertainty on the determination
of the SiPM saturation level both affect the correction @ 8iPM non-linear response. For the
saturation level a common re-scaling factor is applied k&#M curves determined in the lab-
oratory setup. The rescaling is needed to account for thigp#élumination of the SiPMs from
the WLS fiber as discussed in Sectjon] 3.2. As shown in Fifjutbetratio between the in-situ
measured SiPM saturation level and the test-bench detedwalue has a wide distribution. Since
a common factor of 80.5 % is used to rescale all SiPM respamses, an uncertainty of 11.3 % on
this value is assumed, which represents the spread of alureshvalues as taken from Figute 4.
To account for this uncertainty in an uncorrelated way foS#PMs, 100 experiments have been
performed assigning different rescaling coefficients fachechannel, generated randomly with a
Gaussian distribution centered at 0.80 and with a sigma0&k zor each experiment the energy in
the calorimeter is reconstructed, using the set of curvasated by these randomly generated co-
efficients to correct the non-linear SiPM response. Fintlly one standard deviation spread of the
100 reconstructed energies from these simulated expetsimetaken as the systematic uncertainty
for the reconstructed energy. All of the above listed systi&cruncertainties are uncorrelated and
thus added in quadrature. The total systematic error rainges0.2 GeV (2 %) at 10 GeV to 1.7
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Figure 8. Reconstructed energy of a 10 GeV positrons for data (blat®) @md for Monte Carlo (filled
yellow histogram), as well as a Gaussian fit to data (blug.line

GeV (3.4 %) at 50 GeV.

The reconstructed energy in GeV is obtaineEas, = Emean/W, Wherew is the electromag-
netic energy scale factor (MIP-to-GeV). The scale factdeigrmined with a linear fit from zero to
50 GeV to the distributiofEyea{MIP] versusEpean{GeV|. The resulting values for data and Monte
Carlo arewgaia= (42.3+0.4) MIP/GeV andwyc = (42.0+ 0.4) MIP/GeV, respectively. Within
the uncertainties, the scale factors are in good agreement.

The linearity of the AHCAL response to positrons is shown igufe [$. A comparison of

Data MC
Ebeam Ereco 5|¥| P [%] 6|(£3ain [%] 6|§at [%] Até)t [GeV] Ereco Até)t [GeV]
10 9.9 2.0 0.3 0.4 0.2 9.9 0.2
15 15.0 2.0 0.5 0.8 0.3 15.0 0.3
20 20.1 2.0 0.7 1.2 0.5 20.2 0.5
30 29.9 2.0 1.1 1.8 0.9 30.4 0.9
40 39.3 2.0 1.2 2.3 1.3 40.8 1.3
50 48.3 2.0 1.4 2.6 1.7 51.0 1.8

Table 1. AHCAL energy reconstructed in data and MC (in units of Ge\fMarious positron beam energies.
The table reports the values plotted in Figure 10. The syatierancertainties for data are detailed in their
percentage values. The total absolute efris the sum in quadrature of the uncertainties on the MIP, on
the SiPM gain and on the saturation point determination.
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Figure 9. Linearity of the AHCAL response to positrons in the range3®&eV. The blue dotted line shows
the exact linearity. Black dots correspond to data cortEfitteSiPM non-linear response, blue triangles show
the data before this correction, and the open red trianglas the simulation. The green band indicates the
systematic uncertainty as quoted in Tabla®! [GeV].

the data before and after correction for the SiPM non-limeaponse indicates the magnitude of
this correction, which does not exceed 10 % even at 50 Ge\frpngnergy. The values shown in
Figure[d are reported in TabfE 1.

The residuals for data and Monte Carlo are presented in &[gQr Here, the green band
indicates the quadratic sum of the energy dependent systeumzertainties. In Table 1 the con-
tribution to the uncertainty from the SiPM gain variatioﬁﬁai”, and from the saturation point
determinationgg®are listed. The uncertainty on the MIP scalP, cancels in the ratio since the
same calibration constants are used in data and Monte @aiffagure[1D (left), the residuals from
the linear function suggests a non-zero offset at zero gndigjs negative offset is the combined
effect of the 0.5 MIP threshold (loss of energy) and the detewise (addition of energy). Instead
of the more conventional linear function with= 0, the functionEmean= a- Epeam+ b can be used
to fit the data in the range 10-50 GeV. A valuebof —10.3+ 7.4 MeV is found for the Monte
Carlo offset. Once this offset is removed the Monte Carlediity is better than 0.5 % over the
whole range, as shown in the right plot of Figfirg 10.

The deviation from linearity (Fid. 10 left) in data is lessuthl % in the range 10 to 30 GeV
and the maximum deviation is about 3% at 50 GeV. The remainmglinearity at high energies
hints at problems with the rescaling of the saturation csines described in Sectign [3.2. This
behavior is not sufficiently reproduced in the Monte Carlgitdiation, where the same curve is
used to simulate saturation as is used to correct for it.
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Figure 10. Residual to a fit of the data and Monte Carlo points presemtﬁiig'ure[p using, the function,

y = ax, (left), and the functiony = ax+ b (right), in the range 10-50 GeV. Black dots correspond te,daid
open red triangles to simulation. The green band indic&testm in quadrature of the energy dependent
systematic uncertaintie§S2" and 3g3tin Table 1.

The impact of the saturation correction is better seen imreif] where the energy per hit
is shown with and without the correction factfy,; applied, for 30 GeV electromagnetic showers.
Whereas the correction is negligible for low signal amplés, it becomes significant at larger
amplitudes, resulting in a strong correction for the taitteé distribution. The maximum energy
deposited in one cell for a 30 GeV electromagnetic shower280 MIPs corresponding to about
3450 pixels (assuming a light yield, LY = 15 pixel/MIP). Fbid amplitude the correction factor is
fsa(Ai) ~ 3.1. The remaining miss-match between data and Monte Canmdrb00-200 MIPs is
an effect of the non-perfect correction of the non-lined&Niresponse. This imperfect correction
affects only a small fraction of the total energy; the hitexab50 MIPs contribute only 0.5 % (4 %)
of the total energy at 10 GeV (40 GeV).

5.3 Electromagnetic energy resolution

The energy resolution is a principal figure of merit in calueiry and is estimated as the width
divided by the mean of a Gaussian fit to the energy sum with?do of the mean of an initial fit
over the full range. The resolution achieved with the AHCAlplotted as a function of the beam
energy in Figuré 32. The values shown in this figure are refdrt Tabld]2. Fitting the AHCAL
energy resolution in a range &f2g, with

O a C

=~ oba= 5.2

= \/E@ & (5.2)
results in a stochastic term af= (21.9+1.4)%/./E[GeV]|, whereas the constant termhs=
(1.0+1.0)%. The noise term of = 58.0 MeV is extracted from the spread (RMS) of the random

trigger event distribution and kept constant during thénfittpprocedure. The energy resolution
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distribution in a linear scale.

agrees well with that of an earlier prototype (Minical) witB8 channels and of the same sam-
pling [24], that was tested in the energy range between 1 &eM6and reached a resolution with
a stochastic terra= (20.7+0.7)%/+/E [GeV] and a constant terim= (2.6 + 1.3) %.

The energy resolution of the simulation is found to have alsetic term ofa = (215+
1.4)%/+/E[GeV], a constant term ob = (0.7 +1.5)% and again a fixed noise term of=
58.0 MeV. Within the fit uncertainty, the stochastic terms ofedahd simulation are in good agree-
ment. The noise term is fixed to the same value as for data #iecroise in the simulation is
artificially added from random trigger data events. The tamistermb, representing calibration
uncertainties and non-linearities, should be zero in thrukition, since the same curves are both
in the simulation of the non-linear SiPM response and inatsextion.

5.4 Shower profiles

The longitudinal profile of a shower induced by a particlehwitiicident energ¥ in GeV traversing
a matter depth can be described af [23]
dE
f(t)= — =at?.e™ 5.3

() =5 , (5.3)
where the parametex is an overall normalization, and the parameterand b are energy and
material-dependent. The first term represents the fasteahise, in which particle multiplication is
ongoing, and the second term parametrizes the exponehndaies decay. Given this parametriza-
tion with t in units of radiation lengths, the particle multiplicatiand the energy deposition reach
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Figure 12. Energy resolution of the AHCAL for positrons (black circle¥he resolution agrees with that
of a previous prototype (black triangles) with the same damgstructure. The errors are the quadratic sum
of statistics and systematic uncertainties.

Data MC
Epeam[GeV] | 0g/E [%] Uncertainty [%] | og/E [%] Uncertainty [%]
10 7.11 0.47 6.90 0.49
15 5.83 0.36 5.45 0.38
20 4.95 0.32 4.90 0.34
30 3.97 0.29 4.00 0.31
40 3.54 0.26 3.51 0.27
50 341 0.25 3.07 0.26

Table 2. AHCAL energy resolution in data and MC for various positraatm energies. The table reports
the values plotted in Figure 13. The listed uncertaintieduitle statistical uncertainties and systematic
uncertainties added in quadrature.

their maximum after

E
tmax = [In —- 0.5} (5.4)

C

radiation lengths from the beginning of the cascade of agbamvith energyE. The critical energy,
& is a property of the calorimeter material and does not depétite energy of the particle. The
positiontyax is called the shower maximum.
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Figure 13. Longitudinal profile of a 10 GeV positron shower in unitsXef (left) and scaling of the shower
maximum as a function of the incident energy (right). Theoretructed energy (left plot) is shown for data
(solid points), simulation (yellow-shaded area) and a fih data using Eq. 4.2 (black line). The bottom
insert shows the data/Monte Carlo comparison. The showgimmuan (right plot) is shown for data (solid
points), simulation (red open triangles) and the theoryeetgtion given in Eq. 4.3 (blue solid line).

The mean longitudinal profile of a 10 GeV positron shower iswahin the left plot of Fig-
ure[1B. Due to the high longitudinal segmentation of the AHICthe shower rise, maximum and
decay are clearly visible. Data and simulation are in gai@itly good agreement. To quantify
this agreement, the profiles at each recorded beam energjjtedavitn Eq.[5.B and the maximum
shower depth calculated &sx = w/b. The development of the shower maximum as a function of
the beam energy is shown in the right plot of Figure 13. Therdyars show the uncertainty from
the fits. The extracted shower maxima of both data and sifoalare in good agreement with the
theoretical behavior for a pure Fe calorimeter with a ailtinergy, from[[23], of. = 21.04 MeV,
given in Eq[5 M.

The transverse shower profile of a 15 GeV positron showerag/shin Figure[14 together
with a simulation. The radiug, is calculated with respect to the track of the incoming ipkert
extrapolated from the tracking system to the AHCAL frontdfad@ herefore, the radius is defined
asp? = (X — Xrack)? + (Vi — Yirack)%, Where &, Vi) are the coordinates of the calorimeter cell with
signal above threshold. The energy deposited in a calogindll is normally assigned to the
center of the cell. For the radial profile studies it is readtisted uniformly in bins of 1 mrh
before being assigned to one annular bin of inner ragiusin this way the energy deposited
in one calorimeter cell can be shared between two adjacentlambins. Proper normalization
accounts for the fraction of the calorimeter cell area ceddny each annular bin. The data
indicate a broader shower than expected from simulatione ddiculated mean shower radius
(R) = ZZE—iEipi) for 15 GeV showers in data is about 9 % larger than the siradlahe. The energy
dependence ofR) is shown on the right plot of Figufe]15 (left). The differerisealmost energy
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Figure 14. Transverse profile of a 15 GeV positron shower. The energgitjeis shown in 10 mm wide
concentric rings centered around the shower axis.

independent. For completeness also the comparison of th® RMR2> —(R)?) of the shower
radius distribution is shown in Figufe]15 (right). An enedgpendent disagreement of data and
Monte Carlo is observed for this variable which increasesrtaximum of 7 % for 50 GeV. Several
studies have been performed to find the cause of this effeletdimg effects of noisy and inactive
cells, different beam shape, influence of the light crofishiatween tiles, misalignment between
calorimeter and tracking system and of calorimeter lay&hge broader shower in data is still not
understood and further studies of asymmetric light cdldecon the tile, influence of varying dead
space between tiles due to varying thickness of reflectotirgpaetc., will follow to investigate
the discrepancy. For the purpose of the validation of thivi@lon procedure the current level of
agreement is acceptable, though this mismatch will have taken into account when comparing
hadronic shower shapes. Furthermore, hadronic showeesaehawuch smaller energy density than
electromagnetic showers; therefore, any local effects, {fie impact of dead areas or misalignment

E 40_'"'I'"'I""I""I""I""_ 'g' 60— T T T
E i e data ] £ 50: e data ]
z 30f L . noE . we 5
v Z . ] V. 40F . .
C bon e : : : ] r . ]

20 . T 30F : 2 s

i 1 20 - 3

101 ] : ]

L ] 10 -

O- L L L L L ] 0' L L L L L ]

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Ebeam [GeV] Ebeam [GEV]

Figure 15. Mean (left) and RMS (right) of the transverse shower distidn as a function of beam energy.
Black dots correspond to data and red open triangles camelsjo Monte Carlo.
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detector (right). Tile position eight is approximatelyiretcenter of each calorimeter layer. The dashed lines
show the systematic uncertainties. Statistical errorsiagtigible.

between layers), are strongly amplified in electromagrsdtawers, while the influence is expected
to be much less pronounced in hadronic showers.

6. Uniformity studies

6.1 Uniformity of the calorimeter response

The uniformity of the AHCAL response is explored by shiftitigg AHCAL to different positions
with respect to the beam axis, at normal angle of incidenbés grocedure is visualized in the left
part of Figurd 16. Each square in the sketch represents am#lating tile of 3 x 3 cn? and beam
events with a track pointing to axil cn? region centered on each tile in turn were selected. The
uniformity of the calorimeter response at the 15 differepgifions has been tested. For this study
10 GeV positron runs are analyzed, where the movable stageisea to displace the calorimeter
in thex-y position with respect to the beam-linegxis).

As shown in the right plot of Figurp JL6, when excluding pasitilO, the uniformity of the
calorimeter response is better than 2.1%. The 10 % devidkgtween reconstructed and beam
energy at position 10 is due to an inactive cell at the showaeximum, which is not corrected in
the calibration.

6.2 Angular dependence of the calorimeter response

The movable stage carrying the AHCAL was used to collecttpmsidata at incident angles of
90, 8(r, 70" and 60. The rotation and staggering of the AHCAL are sketched indfteplot of
Figure[1}, where the beam is entering from the top. In theedteonfiguration, the modules were
staggered to ensure the highly granular core>o38n¥ was aligned with, and hence sampled, the
shower core.
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data (solid points) and the simulation (red triangles) Aglagy shifted in opposite directions on the abscissa.
The systematic uncertainty is shown by dash-dotted linedditonally, the spread of all measurements
performed at one inclination angle are shown as an errorgci eoint.

For each angle of incidenag several 10 GeV positron runs with different impact points on
the calorimeter front surface were taken. The average dfalfuns is used to defirigeco at one
given 8, while (Eeco) is the mean reconstructed energy at any angle of inciderfeendrmalized
reconstructed energy is plotted in Figliré 17 as a functiol.ofhe spread (RMS) between the
various analyzed runs per inclination angle is used as thsatic uncertainty. This spread
is smaller than the calibration systematic uncertaintyhim ¢alorimeter, shown in the plot as an
error band around the ratio of one. Showers at various iaitin angles only partially share the
same calorimeter cells, therefore the full systematic aa#y from calibration is an overestimate
of the real error, but the spread between measurementsmpedoat one inclination angle is an
underestimate. Taking this into account, the increasedrrébonstructed energy of data between
60° and 90 is not significant. A more precise analysis would require ergtata at different angles
which are not available at present.

6.3 Influence of cell structure

The scintillating tiles used in the AHCAL have a WLS fiber emitied in a groove, a SiPM inserted
into a small groove on one end of this fiber, and a mirror in @gean the other end. This structure
is visible in the picture of a & 3 cn? tile in Figure[I, where the SiPM is located in the lower left-
corner, the mirror is placed in the diagonal corner, and tHeS\iiber is embedded in a quarter
circle.
Since electromagnetic showers have a short transversesette the impact of the cell struc-

ture slightly reduces the energy resolution of the calom@melo study this effect, we take advan-
tage of the drift chambers that were present in the beam [y are used to reconstruct the
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Figure 18. Picture of the scintillating tile (left). Effect of the AHQAscintillator tile structure on the energy
measurement (summed over the entire calorimeter) for 10 &estromagnetic showers (right).

track of the incoming particle. This track is then extrapsthto the front face of the AHCAL.
The shower energy (energy summed over the entire calonijfetel0 GeV positrons with this
impact position, normalized to the shower energy averaged al impact positions, is plotted in

Figure[1B.

As shown in the figure, the measured energy drops slightly tvearea of the WLS fiber. A
particle with a trajectory intersecting the SiPM (in the &nieft corner of the plot) or the reflecting
mirror at the end of the WLS fiber (in the upper right cornerhaf plot) shows a significant loss of
response with respect to the tile average by about 8 % and 4péctviey. At the position of the
WLS fiber the tile response is about 2 % lower than average.did at the other two corners of
the tile in this study reflects the energy loss associated thé SiPMs located in the neighboring
tiles as the observable used is the energy summed over tine ealbrimeter. Measurements of
single tile uniformity using a collimated source have beerfgrmed and are reported ih [45] 26].
These measurements confirm a lower response of electrotiaghewers hitting the SiPMs or
the reflecting mirrors. Though this large degradation (8 %hatlocations of the SiPMs) is quite
unrealistic in a collider detector, where the particlesaweays traversing the calorimeter under an
angle. In this case the tile response non-uniformity awesagut with no influence on the energy
resolution. Furthermore, electromagnetic showers haberd kteral extension. For pion showers,
which are much wider, the effect has not been observed in ddta effects of gaps between the
calorimeter tiles, as well as the non-uniform response eftiles, in view of the impact on the
energy resolution, have been studied using Monte Carlotgvéine results are reported n][27]
and show that these type of effects do not have a significoeimce on the measurement of hadron
showers.
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7. Conclusions

The response of the CALICE analog hadron calorimeter totqmosi was measured for energies
between 10 and 50 GeV, using data recorded at CERN in sumr&r Zbie calorimeter response
is linear to better than 3%. A better SiPM saturation coioectvould improve the linearity, and
for future developments a larger dynamic range is desirabhis study is ongoing, but the ef-
fect on pion energy reconstruction will be negligible dugtte much smaller energy per hit in a
hadronic shower compared to an electromagnetic shower.efggy resolution for positrons is
found to have a stochastic term (#1.9+ 1.4) %//E [GeV], and a constant term of about 1 %.
Good agreement between data and simulation validatesrthaegion of the various detector char-
acteristics. For comparison, Rdf.][28] reports for the AR #le calorimeter an energy resolution
of 28 %/ \/E [GeV] stochastic and 2.8 % constant term for electrons at 20 deg frermal inci-
dence. This is also and hadron sampling calorimeter aliaghateel and scintillator tiles, but with
a much coarser granularity than the AHCAL and a differentadoit via standard photomulti-
plier tubes. The same readout technology as in the AHCALsg mhplemented in a scintillator-
Tungsten electromagnetic calorimeter, SCECAL build wittie CALICE collaboration[[29]. For
this calorimeter the energy resolution to electrons i€16f1540.03) %/+/E [GeV] stochastic and
(1.44+0.02) % constant term.

Systematic studies are performed to investigate the guafitthe calibration in as many
calorimeter cells as possible. The uniformity of the calmier response to electromagnetic show-
ers is studied with beams at different impact points andebfit incident angles. The results are
consistent with no angular and spatial dependence witleinjtinted systematic uncertainty on the
calibration procedure.

The high segmentation of the AHCAL is well-suited for studyithe longitudinal shower
development with high accuracy and for determining the gltamaximum. The point of maximum
energy deposition along the shower propagation axis igddchetween 5.8y and 7Xg for the
range of particle energies used, consistent with simuiaitd theoretical prediction.

The transverse shower spread is more difficult to measuraubedt is strongly affected by
uncertainties in the beam profile, in the variation of lighrass-talk between tiles, and in the mis-
alignment of calorimeter layers. Currently, the data iatéca broader shower than expected from
simulation. However, the level of agreement is acceptatni¢hie validation of the calibration pro-
cedure if one considers that the effect on hadronic show#rbevMess important due to the lower
energy density of hadronic showers.

This analysis provided confidence that the detector pedoma and simulation are sufficiently
understood to pursue the investigation of hadronic shawers
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