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ABSTRACT. The PMTs of the CMS Hadron Forward calorimeter were foungdperate a large
size signal when their windows were traversed by energéticged particles. This signal, which
is due toCerenkov light production at the PMT window, could inteefgvith the calorimeter signal
and mislead the measurements. In order to find a viable solti this problem, the response of
four different types of PMTs to muons traversing their windoat different orientations is mea-
sured at the H2 beam-line at CERN. Certain kinds of PMTs withrter windows show signifi-
cantly lower response to direct muon incidence. For the &made PMT, a simple and powerful
algorithm to identify such events and recover the PMT sigisithg the signals of the quadrants
without window hits is also presented. For the measuremfelAMI responses t@erenkov light,
the Hadron Forward calorimeter signal was mimicked by twifedint setups in electron beams
and the PMT performances were compared with each other. ri8uperformance of particular
PMTs was observed.

KeEywoORDS. Cherenkov detectors; Calorimeters; Photon detectorgd¥wisible and IR photons
(vacuum) (photomultipliers, HPDs, others); Cherenkov &adsition radiation
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1 Introduction

The Compact Muon Solenoid (CMS))is a general-purpose detector designed to run at the hHighes
luminosity provided by the CERN Large Hadron Collider (LHCpverage between pseudorapidi-
ties of 3.0 and 5.0 is provided by the steel/quartz fiber Hahmrward (HF) calorimeter. The front
face is located at 11.2 m from the interaction point and tha@hdef the absorber is 1.65 m. The
signal originates fronCerenkov light emitted in the quartz fibers, which is thenncieded by the
fibers to photomultipliers. The absorber structure is e@dty machining 1 mm square grooves
into steel plates, which are then diffusion welded. The dimof the quartz fibers is 0.6 mm and
they are placed 5 mm apart in a square grid. The quartz fibéishwun parallel to the beamline,
have two different lengths (1.43 m and 1.65 m) which are teskinto grooves, creating two effec-
tive longitudinal samplings. There are 13 towerg)inall with a size given byAn =~ 0.175, except
for the lowestn tower withAn ~ 0.1 and the highest-tower withAn ~ 0.3. Thep segmentation
of all towers is 10, except for the highesy-one which had\g = 20°. This leads to 900 towers and
1800 channels in the two HF moduleg.[Details of the HF design, together with test beam results
and calibration methods, can be found 3h [

In the framework of the Super LHC (SLHC) upgrade plans, ontefproblems to be solved
is the large signal generated by the photomultiplier tulTs) of CMS HF calorimeters when
the PMT window is traversed by relativistic charged pagscl The primary reason for this signal
is Cerenkov light production at the PMT window, followed by fiteeration of photoelectrons at



Table 1. Typical properties of PMTs tested in this study. Inforroatis obtained from Hamamatsd]]
Detailed information about the HFPMT can be found5h [

PMT Type PMT Type Photocathodg Quantum| Typical Window
Number Efficiency| Gain Area
(max. %) (mm?) app.
Four Anode PMT | R7600U-100-M4| Super Bialkali 35 1.3x 1P | 324 (square
Four Anode PMT | R7600U-200-M4| Ultra Bialkali 43 1.3x 1P | 324 (square

Four Anode PMT | R8900U-100-M4| Super Bialkali 35 1.0 x 1P | 324 (square
Single Anode PMT| R7600U-100 | Super Bialkali 35 1.0x 1P | 324 (square

Single Anode PMT| R7600U-200 | Ultra Bialkali 43 1.0x 1P | 324 (square
miniPMT R9880U-110 | Super Bialkali 40 2.0x10° | 50 (round)
HFPMT R7525 Bialkali 25 5.0 x 10° | 490 (round)

the photocathode of the PMT. The expected rate is around i the events at low luminosity

conditions of LHC. This would have impact on the hadronicrgpeneasurements of HF and
missing transverse energy calculations, and could evarit iesfake triggers and mismeasured
online luminosities.

There have been a few studies to tag these events such asausgimgillating crystal in front
of the PMT window to enhance the light production by the trawegy particle while keeping the
light sensitivity of the PMT practically constant, utilimi a much smaller diameter round PMT
with a thinner window to reduce the rate of such events anujusiveto counter possibly behind
the readout box.

In this study, we compare different types of candidate PMTih whe currently installed
PMT (hereon called HFPMT) for signal production at PMT windwith the muon beam and
for Cerenkov light detection with two different setups in elentshowers. A simple and efficient
tagging and signal recovery algorithm for the PMT windowrdgeof the four anode PMT is also
discussed.

2 Experimental setup and data acquisition

Table 1 summarizes typical properties of the PMTs used in this stuidyree different kinds of
four anode PMTs (R7600U-100-M4, R7600U-200-M4 and R890Q00-M4), two kinds of single
anode PMTs (R7600U-100 and R7600U-200) and miniPMT (R98800Q) were tested for com-
parison with each other and the currently installed HFPMTH25). The candidate PMTs offer
superior performance over HFPMT due to their increasedtguaefficiencies. Their geometrical
specifications predict a significant reduction in both raie the amount of signal generation when
the PMT window is hit by a charged particle (HFPMT window is grthick at the center and gets
thicker towards the rim, single and four anode PMT windovessdightly less than 1 mm thick and
miniPMT window is around 0.5 mm thick).

The PMTs were tested with 150 GeV/c muon beam and 80 GeV/t@telseam of CERN H2
beam-line §] in July 2009.
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Figure 2. Quartz fiber calorimeter and fiber bundle test setups (netade).

As one of the four main test stations on the HF test table, ffferdnt setups were used to test
the muon response of the PMTs. In the first setup (figale PMTs were lined one after the other
with their windows facing the same direction. In the secoeits (figurelb), PMTs were placed
side by side, again with their windows facing the same divectThe first setup was used to study
the PMT response when the muon beam hits the PMT windows tierfrant and the second setup
was used to investigate the response when the beam hitsagisle®Both PMT boxes were made
light-tight and they were placed in front of wire chamber EQ®) as the first test apparatus on the
HF test table in order to perform precise position measungsngith 1 mm resolution.

Two test stations were used to measure the differences irspense of the PMTs foerenkov
light from electron showers (figu®. During the electron shower tests, a 5 cm thick steel alesorb
was introduced upstream in order to instantiate the eleagmetic shower and produce a reason-
able amount oferenkov light for the two PMTs attached to the end of the HEerfliundle. The
~1 cm diameter bundle of regular HF quartz fibers (with 0.6 mamditer) was placed in3 cm
diameter light guide. The bundle splits into two parts atréeedout end. The HFPMT was kept in
place at one end of the fiber bundle while the candidate PMTs iméerchanged at the other end.
The possible signal difference between the two ends duedo ffiixing was also measured. The
portion of the fiber bundle that sees the beam was alighed ke m45° with respect to the beam
direction in order to maximize th&erenkov light capture. The length of the bundle from thetbea
interaction to readout was1.5 m. WCE was used to select events with electrons that pemsgh
the fiber bundle.
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Figure 3. Schematic of the end of H2 beam-line (not to scale) showéngilation counters (SC1 and SC2)
and wire chambers D and E (WCD and WCE) together with the HRdbte and the HCAL test wedge that
was in the beam-line for some of the runs.

The second test station for the electron showers was thézdilzer calorimeter. It consisted
of an array of 6 mm diameter, 45 cm long steel rods in a 20 cm x2& @5 cm housing with
quartz fibers (0.3 mm core diameter, 65 cm long) inserted fwdsen the rods. The fibers were
then bundled at the back of the calorimeter to form a singldwoat. The light guides at the readout
end were 20 cm long with the same reflective material as HE ¢jglde.

The readout was performed by charge integration and engadtits (QIES) f] and the data
was stored in CMSSW (CMS SoftWareg] HCAL Test Beam raw data format. Each QIE channel
was readout in 20 time slices of 25 ns length each. A scheroétice end of H2 beam-line is
shown in figure3. The trigger was given by the coincidence of two scintilaticounters of sizes
14 cm x 14 cm (SC1) and 4 cm x 4 cm (SC2). Therefore, a beam smit®#4 cm x 4 cm is
anticipated. However, for some of the muon runs, HCAL beashwedge was in front of the HF
test table, and for these runs a beam spot of at least 10 cm mlt@as recorded by WCE due to
multiple scattering of muons off the wedge. For some of themmuns, wire chamber D (WCD)
was also utilized to track and veto muons with a high deviafiom the original beam direction.
It was verified that this did not affect the results signifitgisince the PMT window size is smalll
compared to the size of the wire chambers.

3 Testing muon interactions with PMT windows

3.1 PMT response to front muon incidence

The setup shown in figurka was exposed to muon beams both with/without the HCAL tedigee
in front. The results were compared and it was verified thatwire chamber utilization was
satisfactory for the selection of events in the region oériest. Figuret shows the QIE charge
profile as a function of wire chamber coordinates for the HAPBImilar results were obtained
for all types of PMTs tested. Using these profiles, a positiginwith the correct dimensions at the
PMT window edges was applied to study only the events wherehlarged particles traversed the
PMT windows. The cut for the HFPMT window is shown in figure

Figure5 shows the responses of different types of PMTs when the maamthits the PMT
window from the front. All responses are normalized to thim gd the HFPMT. The charge for
the four anode PMT was calculated by adding the signals franfdur channels that read out the
four quadrants of the PMT window after individual gain nofizetions. Since HFPMT window
is much thicker than that of the other PMT3erenkov signal produced is much higher. It has a
signal magnitude that is more than a factor of two compareatidcsingle anode and four anode
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Figure 5. Charge distributions of the four anode PMT (R7600U-200:N7e single anode PMT (R7600U-
200), the miniPMT and the HFPMT produced by the front bearidirce.

PMTs and a much larger spread with a long tail in the high enth@fspectrum. The four anode
and single anode PMTs both have ultra bialkali photocath@ahel they exhibit the same behavior
in the overall picture. The miniPMT window produces the lstvmagnitude of signal among all
because of its tiny window thickness and the response showailnin the larger signal region.
However, the width of the distribution is not improved as imuc

With the PMT window cuts applied, PMT window event rates wads® measured as the ratio
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Figure 6. (a) Charge distributions of the four anode PMT, the miniPaft the HFPMT as produced by the
side beam incidence. (b) Charge profile (in fC) and selecggion for four anode PMT (R8900U-100-M4).

of the number of events above pedestal to the total numbeverite HFPMT 90%, four anode
PMT 69%, single anode PMT 64% and miniPMT 51%. As expectasiwiindow event rates were
found to be correlated with the thicknesses of the PMT wirglow

3.2 PMT response to side muon incidence

The responses of three PMTs with different window geomefdeside beam incidence (figuib)
are shown in figuréa. These distributions were obtained after carefully apgla position cut
on the PMT window. An example of such a cut is shown in figibe The pulse amplitudes
are 2-5 times larger when compared to the case where the bégathdnPMT window from the
front as the distance the particle travels inside the PMTdawnis much longer for side incidence.
Since the window thickness seen by the beam is not uniforntheeHFPMT and the miniPMT,
the distributions of these PMTs are suppressed towards alges of charge. Single anode PMT
exhibits identical behavior as the four anode PMT, theeeftsr charge distribution was not shown
in figure 6a.

3.3 Angular study of muon incidence on four anode PMT

One of the four anode PMTs (R8900U-100-M4) was used to stoe\dépendence of the charge
distribution on the angle of incidence of the beam. The PM$ @igosed to beam with its window
making an angle of 90(front incidence), 70, 50°, 30°, 10° and O (side incidence) with respect
to the beam direction. Beam position cuts were applied atdbhe PMT window using WCE
information for each orientation. Figur@a shows the charge distributions for°’5A.0° and O.

As the angle is reduced from 90the thickness of the PMT window that is exposed to beam
increases leading to an increase in signal magnitude (figureThe results of the angular study
are consistent with the results presente®irf¢r bialkali photocathodes.
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Figure 7. (a) Charge distribution of the four anode PMT (R8900U-MM)-for different angles of muon
beam incidence. (b) Mean charge at all angles studied.

4 Testing Cerenkov response of PMTs

4.1 Tests with the fiber bundle

The setup is prepared by first introducing a 5 cm thick stesbdier in front of the fiber bundle
(see figure?). The bundle sees the beam at aﬁgle.éerenkov light produced in the section of the
fiber bundle that is exposed to the initial electron showepgagates to the end where the bundle
splits into two light guides. Figur@shows the charge distributions measured by a four anode PMT
when it was reading out from the two ends of the fiber bundleadragime. The distributions prove
that the mixing of the fibers is satisfactory enough so th# lemds could be treated as identical
for the purpose of testing two different types of PMTs at once

The fiber bundle was visualized using PMT charge profile forBA&@ordinates. Since the
actual bundle was about 1 cm in diameter, a cut on the wire bbagpordinates was applied to
insure the measurement of the signal coming only fromGbeenkov light production in the fiber
bundle. Figure9 shows the profile for the four anode PMT. The bundle is alomghbrizontal
direction. The size of the cut was kept slightly less thanatieal size of the fiber that is exposed
to beam. Due to the small ratio of the selection area to the gizhe beam and the moderate
efficiency of the wire chamber, the number of selected ewsnts about 20% of the total number
of events recorded.

Figure10shows the charge distributions for the PMTs reading out thes fiundle signal. The
distributions were normalized to the HFPMT gain. Singledmand four anode PMT signals both
have a mean-1.5 times the HFPMT signal. The single anode PMT is of type@®6100 and
the four anode PMT is of type R7600U-100-M4 both with supeiMaili photocathodes. Hence
their signals are comparable. Also shown are the Gauss&tofthe data. All distributions are
well described by the fits. Deviations from the fit are mainliedo the fluctuations in the charge
integration and encoding system.
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4.2 Tests with the quartz fiber calorimeter

The fiber calorimeter was placed behind the 5 cm thick stesbriler. The calorimeter was po-
sitioned so that the fibers were aligned along the beam direand were bundled at the back of
the calorimeter (see figu®. Therefore, 80 GeV/c electrons reach the fiber calorimagea de-

veloping shower that reaches its maximum within the firstrgudength of the calorimeter and the
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Figure 10. Fiber bundle charge distributions for the four anode PMTGBOU-100-M4), the single anode
PMT (R7600U-100) and the HFPMT. Gaussian fits are also shown.

electromagnetic shower would be contained entirely. Ne oatthe particle position are applied as
the main testing point is to obtain a sufficient amount of aldsy collecting maximun€erenkov
light out of the calorimeter fibers.

The charge distributions of the four anode PMT (R7600U-BBYD; the single anode PMT
(R7600U-200), the miniPMT and the HFPMT are shown in figlite The four anode PMT and
the single anode PMT with ultra bialkali photocathodes rahdut twice the magnitude of the
signal collected by the HFPMT. The distributions were ndiped to the HFPMT gain. No PMT
window area corrections were applied since proper lighdegiivere utilized for each PMT window
geometry. The miniPMT window area is smaller than the bumdtess-section area, hence its
charge distibution is presented only to show that more thmenniniPMT per readout channel for
HF calorimeter would be necessary.

5 Selecting PMT window events and recovering the signal witfour anode PMT

A simple algorithm for identifying window events in the foamode PMTs has been developed with
the assumption of using them in HF. The signal from the HF §isbould be shared almost equally
by the four channels while the window event signal emerges lasge deviation of one or more
guadrant signal from the average signal of the four quadrdfigurel2 shows the distribution of
the maximum deviation of any quadrant signal from the megnasiof the four quadrants both for
a window event sample and an electron shower sample with Ehébidr bundle. The deviation
for a real signal is within one mean whereas for the PMT windeents, the deviation of a single
guadrant signal extends up to three times the average sidgra cut to distinguish the PMT
window events from the real signal is set at a maximum deviatif one mean from the average.
This introduces a systematic error of about 5% in the cutrédlgu.
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Figure 11. Quartz fiber calorimeter charge distributions for four @éadMT (R7600U-200-M4), single
anode PMT (R7600U-200), miniPMT and HFPMT.

0.25

HF Fiber Signal PMT Window Evenis
Entries 12042 Entries 6035
Mean  0.4592 Mean 2.427
AMS  0.2458 RMS 0.5056

°
[

=]
@
lIlIIIIIITIIIIIIlIl

e
-

Counts (normalized)

0.05

L cei et

% =5 T 5 2 25 3
Absolute Deviation From The Mean (x Mean)

Figure 12. The distributions of maximum absolute deviation of singledrant signal from the average
signal of the four quadrants as multiples of mean signal: (@&tenkov signal; black: PMT window event
signal).

Once the PMT window event is identified, the PMT signal is weced by averaging the
signals from the quadrants that do not show window eventsigia and multiplying that number
by four. The single quadrant PMT window event signature temeined as the ratio of the two
highest signals being greater than 20. Although this casstitotes the majority of all the window
events (about 80%), there is also multiple quadrant hitatigies in front muon incidence. When
the muon hit is close to the center of the PMT window, the poedlf:erenkov light is shared
(usually unequally) by the neighbor quadrants. This phearamn can not be considered as crosstalk
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Figure 13. PMT window event selection and signal recovery for the fanode PMT with front incidence
of muons. No pedestal subtraction was applied to the dawblite, crossed area is the pedestal.

between the quadrants since the light incidence on the patbtode is not point-like. Rather, it is
about 1.3 mm diameter disc @ferenkov light on the photocathode. The fraction of suchnisve

is around 2.5%. This is consistent with the ratio of the @drdrea to the whole PMT window

area (around 2.3%). Further selection is applied in ordeedoce this effect: If one of the three
guadrants have more than 80% of the total signal (of the thtlke event is assigned the double
guadrant hit signature. The recovery is performed usingwioequadrants with the lowest signals.
The recovered signal for the remaining negligible fractidrevents is calculated by multiplying

the smallest signal by four.

Figure13 shows the application of this PMT window event identificatend signal recovery
algorithm to a set of front muon incidence data. No pedestairaction has been applied to the
data. The algorithm successfully selects the PMT windown&svand recovers the signal back.
The distribution is suppressed towards zero, slightly aimdestal - which is shown by the blue,
crossed distribution - except for the events with muon hitgiad the center of the PMT window
which correspond te-2.5% of all the front-incident muon events.

Figure 14 shows the results of the same algorithm applied to the sicildénce data. PMT
window events are selected and the signal is recovered watle than 95% efficiency. Events
with muons that pass through the center of the four anode PétiEmgte a high signal in all four
guadrants, but the rate of such events is below 1% which isistemt with the fraction of the
central boundary area seen sideways (1.1%). Similar seatdt obtained for all different angles
that were tested. The algorithm is an efficient way of tag@ind correcting for cosmic events.

The algorithm was also applied to the data from the HF fibedl®unThe result is shown
in figure 15a. The method is applied with no pedestal subtraction or gainmalization. The
algorithm misidentifies about 6% of the signal events as PNtidew events and reconstructs the
signal suppressing it towards zero. The misidentificatsouie to the algorithm itself; however, the
suppression towards zero is due to slight alignment variatthat result in uneven illumination of

—-11 -
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Figure 14. PMT window event selection and signal recovery for the faosode PMT with muons at side
incidence. No pedestal subtraction was applied to the data.
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Figure 15. (a) Charge distributions before and after the algorithnséection of PMT window events and
signal recovery was applied to the four anode PMT of the HF fibedle. (b) “Before Selection” subtracted
from “After Selection”.

the quadrants or real interference from particles scatttwards the four anode PMT or cosmic
muons. Figurel5b shows the difference between the “After Selection” andftBe Selection”
distributions of figurel5a.

For some of the runs, the fiber calorimeter was rotated Byo8®0 to allow the electron
shower to leak behind, and the fiber bundle PMTs were placéueileamline at the back of the
calorimeter. Although the probability for the PMTSs to gedlrparticle hits together with the bundle
signal is too low, the algorithm was tested with this setupit® effectiveness in selecting PMT
window events within a real signal. The result is shown inrégl6. In the low signal region
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Figure 16. The result of the application of selection and signal recpwalgorithm to HF fiber bundle when
the PMTs were in the beamline.

of the spectrum, the signal is suppressed towards zero &g icaise of the algorithm applied to
pure signal. However, in the mid- to high-signal regionshaf spectrum, the signal is suppressed
towards slightly lower values indicating that efficient idiéication and signal recovery has been
performed. The most important aspect of this result is tmatigh tail in the original distribution,
which clearly comes from PMT window events, disappears #fie utilization of the algorithm.

6 Conclusions

In the search for a new photomultiplier tube for the CMS faidvaadron calorimeters, candidate
PMTs with different specifications were tested. The respai$MTs to relativistic charged par-
ticles traversing their windows at different incidenceesatations was tested with 150 GeV/c muon
beam. The HF calorimeter signal was also mimicked with tvgd $etups in 80 GeV/c electron
beam in order to compare PMT performances: around 1 cm-dgarbandle of HF quartz fibers
and a 20 cm x 20 cm x 45 cm steel rod calorimeter with quartz ilpdaiced in between and
alongside the rods. The fiber bundle was split into two at arek enabling two readout chan-
nels simultaneously. The difference between these two iartgésms of signal quality due to fiber
mixing, slight variations in light guide conditions, ets.negligible.

At front incidence of muons on the PMT windows, the candidlt¢Ts exhibit significantly
better performance with their reduced response magnitadespread, and PMT window event
rates. The miniPMT produces the lowest response to tragepsrticles since it has the thinnest
window among all PMTs under study. It is clearly observed #Ts with the same type of
photocathode - hence same quantum efficiency - and gain ter8dal responses.

Side muon incidence response is higher and has a wider speethen compared to front
incidence response. This is due to the difference in thelist traveled by muons inside the
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PMT window. Measurements with various angles of muon inuigealso prove that the response
becomes larger as the angle between the PMT window and tie dieection is decreased.

Fiber bundle data was first filtered for exact fiber locatializing one of the wire chambers
in the beamline. Therefore, the response solely byﬁheankov radiation in the fibers was mea-
sured. Measurements show that the candidate PMTs havesuperformance over the HFPMT
on detection ofCerenkov light as expected from their proposed quantumiaifiges. It is also
concluded that the four anode and single anode PMTs thatthaveame kind of photocathode
material have identical responses.

Fiber calorimeter study is performed by reading out a sifRT response from the back of
the calorimeter where the quartz fibers are bundled to formgestower. The single anode and
four anode PMTSs show significantly improved responses coedp@ the HFPMT. The miniPMT
does not constitute a strong competitor for the other tyfdaMTs as more than one miniPMT
would be required to read out the fiber bundle in the HF calet@ntowers.

For the four anode PMT, an effective and simple algorithmsfdecting PMT window events
and recovering the signal from the quadrants that do not AW window event signature is
presented and implemented on front and side muon incideatze at well as the fiber bundle
data. This simple method proves to be an effective way ofcsafg PMT window events and
recovering the signal with available information. The noettcan be utilized both for refining
detector measurements and for the elimination of cosméfarence online or offline.
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