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Abstract

We present the results of test beam studies of a longitudinally segmented quartz fiber calorimeter
prototype constructed in the process of developing the CMS forward calorimeter. This particular pro-
totype consists of fully independent electromagnetic and hadronic sections. We discuss equalization
of reconstructed energies for electrons and pions and describe in detail the measured performance.
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1 Introduction

The forward calorimeters in CMS [1, 2] will cover the pseudorapidity range 3 < |n| < 5. They improve the
missing transverse energy resolution and enable the identification of very forward jets. The measurement of £
is essential in top quark production studies, as well as for Standard Model Higgs searches in channels containing
neutrinos. In much the same way, the forward calorimeters provide for better hermeticity and are necessary for
SUSY particle searches.

The production of Higgs bosons (mpy ~ 100 — 1000 GeV) through the WW or ZZ fusion mechanism is char-
acterized by the appearance of two forward fagging jets in the pseudorapidity range of 2.0 < |n| < 5.0. These
jets are energetic (< p >~ 1 TeV) and have a transverse momentum of the order of myy. The detection of these
tagging jets by the forward calorimeters aids in reducing the large QCD background against the Higgs signal.

In all these cases, a moderate calorimeter energy resolution and granularity are needed. A good reconstruction of
the energy flow and jet energies demands a degree of equalization of hadron and electromagnetic shower signals.
Large energy fluctuations between gammas and hadrons in a jet make it imperative to seek a certain equalization
in the detector response to electrons and to charged hadrons in order to correctly define the energy scale that the
calorimeter measures. The methodology that accomplishes this for single particles is discussed in detail in Section
5 of this paper.

We presented the test beam results of a single quartz calorimeter prototype and discussed the general features of
Cerenkov calorimetry in detail in a previous paper [9]. In this paper, we focus on a longitudinally segmented
calorimeter consisting of two independent sections, i.e. electromagnetic (EM) and hadronic (HAD) sections.

2 Cerenkov Calorimetry

A charged particle traversing a quartz fiber with a velocity greater than the speed of light in quartz, emits Cerenkov ra-
diation. The opening angle of the Cerenkov cone, 6., is related to the speed of the particle, 3, cosf. = 1/n03,
where n is the refraction index of the fiber. There is a threshold value (Bmin = 1/n), below which there is no
Cerenkov radiation. The light yield, in photons, due to the Cerenkov effect [10, 11], is given by:
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The particles entering the calorimeter absorber make showers of particles. Amongst them, those entering in a
quartz fiber with /3 close to 1 are essentially electrons. The electrons producing light in a quartz fiber are roughly
those entering in the fiber with an angle of ~ 45° + 10° [5].

The implication is that the apparent shower development in fiber calorimeters is dramatically different from the
one observed in dF /dx calorimeters: The showers appear to be very narrow. For electron showers, the transverse
development is narrower than the Moliere radius of the absorber. For pions, the apparent radial size is roughly 1/2
an interaction length of the absorber. In both cases, we are referring to 90% energy containment [9].

In a hadronic shower, secondary electron production is directly related with the 7% and 7 production in the absorber.
Thus the light collection in hadron showers is dominated by the statistical fluctuations in the production of these
particles. At very large energies the 7¥ fraction is expected to be ~100%, but at /s = 14 TeV, the energies of
the single charged pions are not very large. The mean value is ~ 8 GeV/particle due to pile-up. Therefore, the
response of a Cerenkov calorimeter to a photon will always be higher than that of to a charged pion of the same
energy: e/m > 1.

What is true for single particles also applies to forward jets. For instance, the ones produced in association with a
Higgs bosons, have a high multiplicity (~ 30) with a large fluctuation in its gamma content. The average particle
energy in a jet is about 70 GeV. Jets that are rich in gammas will give a higher signal than those with a poor gamma
fraction for the same jet energy. If it is not properly attended, the calorimeter jet energy reconstruction will suffer
because of this effect.

One way of solving the problem is to use a longitudinally segmented calorimeter (two or more sections). With
more than one segment, it is possible to weight the signals from each section to make the reconstructed energy
equal for electromagnetic and hadronic particles. The reconstruction of jets should also be improved because the
energy reconstruction will no longer depend on the fraction of the energy carried by the gammas. The same applies
to the total energy flow in the forward direction.



3 Experimental Setup and Test Beam

The calorimeter consists of two independent modules (figure 1). Each module is a copper block with fibers em-
bedded in it in such a way that every fiber is equidistant to its six nearest neighbors with the spacing 2.3 mm. The
resulting quartz filling fraction in the volume is 1.5%. The EM section is 34 cm, while the HAD section is 135 cm
long. The equivalent lengths for EM and HAD modules are 23 X(2A;) and 8.5 A; respectively. Thus the total
length is about 10.5 A;. The instrumented volume is sufficient for 93% lateral and full longitudinal hadron shower
containment[9].

The fibers are arranged to form 9 readout towers with 53 x 54 mm? transverse dimensions. The Cerenkov light
originated in the fibers of each tower is detected by the photomultiplier (PMT) and digitized. The PMTs of the
EM section are mounted in front of the module to avoid a gap between the EM and HAD sections (see figure 1).
Cerenkov light, mostly going in the forward direction along the fibers, is collected in the EM section by means of
reflection at the mirrored ends of the fibers. This design was later changed where all fibers are readout from the
back and longitudinal segmentation is accomplished by the use of different length fibers [2].

The calorimeter was mounted on a movable platform in the H4 beam line of the CERN SPS. The platform could
be moved vertically and horizontally in the plane transverse to the beam line so that the center of each tower could
be moved into the beam as needed. The angles between the beam and the fibers both in horizontal and vertical
planes were kept at 0° throughout the experiment. The details of the beam line rates, the trigger conditions, and
the readout system can be found in [9].

4 Data Analyses

The data sample used for the analysis consists of

1. electron data at 10, 12, 15, 20, 35, 80, 100, 150, 200 GeV,
2. negative pion data at 35, 80, 100, 200, 300, 350 GeV, and

3. calibration data that were taken with 80 GeV electrons with the beam centered on individual towers of both
the electromagnetic and hadronic modules.

For both sections, the gains were set at approximately 500 ADC counts above the pedestal value for 80 GeV
electrons. The calibrated responses of all cells to 80 GeV electrons were equalized using individual factors for
each channel. The calibration coefficients for every tower were calculated assuming that all of the electron beam
energy was contained in a given tower. These factors defined the electromagnetic scale for the prototype signal.

5 Results for Single Particles

The response of the calorimeter to both pions and electrons was calculated as a sum of signals from 18 towers (3 X 3
towers). Figures 2 and 3 illustrate the response function to 200 GeV electrons and pions, respectively. Electron
showers are almost fully contained in the EM section, but the pion signal is shared between EM and HAD sections
as illustrated in figure 4. In addition, the response function for 200 GeV pions for the HAD section alone was
compared with the distribution for HAD section when the deposited energy in EM section was less than 3 GeV
(see figure 5).

The mean values and RMS of the signal for pions and electrons are listed in Tables 1 and 2. The mean value of
the response as a function of the particle energy is shown in Fig.6. In the measured energy range, both electrons
(full circles) and pions (full triangles) show a linear dependence. Empty circles and triangles in Fig. 6 correspond
to the GEANTsimulation expectations [12] and show good agreement with data. The measured energy resolutions
for electrons and pions are given in Figs. 7 and 8, respectively. The curves correspond to fits of form:

orms/E = (1.5+0.01)/vVE @ (0.06 £ 0.002), for electrons @)
orms/E = (2.740.02)/vVE @ (0.13+0.002),  for pions.

These results are in full agreement with the measurements using a non-segmented prototype [9] except for the
constant term in the electron energy resolution. The value given in [9] is < 0.02. The higher value found in the
present data is most probably due to non-uniformities in the reflection efficiency of the mirrored ends of the fibers
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of the EM module. Empty circles in Figs. 7 and 8 correspond to the GEANTexpectations. The simulated and
measured values have, within the errors, the same stochastic coefficients, the same apply for the constant term for
electrons. In the case of pions, the constant term found in the simulation is by 10-20% smaller than in the data. It
means that the fluctuations of the electromagnetic component of the hadronic showers in copper are underestimated
by GHEISHA[12]. GHEISHAwas chosen to simulate the response of the quartz fiber calorimeter because it gave
more realistic e/m-ratio behaviour.

As seen in Fig. 6, the response for pions is much lower than that of electrons at any energy. This is a consequence
of the Cerenkov mode of operation, that implies e /m > 1. However, with a longitudinally segmented calorimeter,
one can weight the observed signals in each of the modules in an attempt to equalize the reconstructed energies for
electrons and pions. The real equalization can be achieved only at the energy where the mean response for pions
and electrons is equal, due to significant energy non-linearity for pions. This is done by writing the reconstructed
energy as:

A=CiAgym + CoAgap 3)

For a wide energy range, for each value of the ratio Co/C1, the coefficients C; and Cs can be recalibrated to
provide the correct energy reconstruction in terms of the mean value of the amplitude for all energy points. These
coefficients can be found using the following equation:

Y <(A-E)>=0 4)

where the sum extends to electrons and pions at all energies.

Equalizing the mean signal for electrons and pions at 100 GeV we find:
Cy/Cy = 1.97. &)

For this value, the reconstructed energy, as a function of the beam energy is shown in Fig. 9. The dotted line
represents A/FE = 1. As is well known, the introduction of two calibration constants for the reconstruction of the
energy degrades the hadronic energy resolution. In this case:

0/E=29/VE®0.2 (6)

The electron energy resolution remains unchanged since the electron showers are almost fully contained in the EM
section.

6 Summary and Conclusions

The fast signal speed, narrow lateral profile and low sensitivity to neutrons and radioactive decays allow for better
separation of jets from background with respect to other calorimetric techniques. One of the purposes of the CMS
forward calorimeters will be the detection and energy measurement of tagging jets. The non-compensating feature
of the quartz fiber calorimeter, however, puts some limitations on the jet energy resolution because the fraction
of the energy carried by gammas strongly fluctuates. The longitudinal segmentation of the calorimeter allows
approximate equalization of the signals from gammas and charged pions of the same energy.

A calorimeter prototype consisting of two independent modules, each made of a block of copper with embedded
quartz fibers, was tested using electrons and pions at the CERN SPS H4 facility. The prototype is 10.5 interaction
lengths deep. By using two calibration constants in energy reconstruction, from the signals measured in each of
the sections, we can reach a level of equalization of the reconstructed energy for electrons and pions. For single
particles, the measured energy resolutions in the prototype are:

orms/E = (1.5+0.01)/vVE @ (0.06 £ 0.002), for electrons )
orms/E = (2.740.02)/vVE @ (0.13+£0.002),  for pions.

Although it allows a correct reconstruction of the energy, this two-segment solution has a drawback in that there
will be appreciable noise in the EM fiber bundles facing the interaction point. Other approaches for obtaining a
direct equalization of the electromagnetic and hadronic signals are based on the partial suppression of the electro-
magnetic signal. This can be achieved by the use of fibers of different length [2] inside the absorber. The latter
geometry is what is adopted for the CMS forward calorimeters.
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Table 1: The electron response of the prototype and its energy resolution are shown below.

Energy(GeV) | Response(GeV gar) RMS/R

8 8.09 +0.05 0.55 +0.01
10 9.99 £+ 0.05 0.50 +0.01
12 12.16 + 0.05 0.46 +0.01
15 15.16 + 0.06 0.40 +0.01
20 19.74 4+ 0.06 0.356 + 0.004
35 34.67 £ 0.08 0.267 £ 0.002
80 77.79 £0.12 0.182 + 0.001
100 100.9 £ 0.1 0.165 £ 0.001
150 153.0 £ 0.2 0.140 £+ 0.001
200 191.3 +0.2 0.127 £+ 0.001

Table 2: The pion response of the prototype and its energy resolution are shown below .

Energy(GeV) | Response(GeV gar) RMS/R
35 19.44 + 0.11 0.464 + 0.005
80 47.71 £0.17 0.328 £+ 0.003
100 63.01 £0.18 0.304 £ 0.002
200 130.2 +0.3 0.229 + 0.002
300 202.3 £ 0.5 0.206 + 0.002
350 237.7+0.4 0.194 £+ 0.001
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Figure 1: The longitudinally segmented calorimeter consists of two sections: The electromagnetic section (EM)
is located upstream of the hadronic section (HAD). The light generated in the EM section travels mostly forward
and gets reflected by the mirrors at the fiber ends. In the case of the HAD section, the forward travelling light is
detected by the PMTs.
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Figure 2: The signal amplitude distribution for 200 GeV electrons is shown above.
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Figure 3: The signal amplitude distribution for 200 GeV pions is shown above.
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Figure 4: The division of signal between the EM and HAD sections for 200 GeV pions is shown above.
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Figure 5: The signal distribution for 200 GeV pions for HAD section is shown (top) when the energy deposition
in the EM section is required to be less than 3 GeV. When compared with the signal from the HAD section alone
(bottom), there is no significant difference between the two cases.
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Figure 6: Mean amplitude of signal in the prototype versus energy for electrons and pions for Cy/C7 = 1.00 in
comparison with MC results.
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Figure 7: Energy resolution for electrons results in (1.5 4+ 0.01)/vE @ (0.06 + 0.002).
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Figure 8: Energy resolution for pions versus energy 1/v/E
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Figure 9: Mean amplitude of signal in the prototype versus energy for electrons and pions for Cy/Cy = 1.97
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