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ABSTRACT ter energy measurements. Jets will be measured by using the

. : £ ellent measurements of the inner tracker for charged tracks,
The physics goals of discovery and measurement at the N éc . : .
ith electromagnetic showers measured in the EM calorime-

depend on excellent calorimetry. - Of the options, we f"’f@er, and neutral hadrons detected and measured in the EM or

a high granularity silicon-tungsten sampling electromagne \&dronic calorimeter. It is important to note that the NLC inner

calorimeter combined with a relatively well segmented hadr?n .
racker not only provides much better energy measurements of

calorimeter to surpass the requirements. This technique Pige charged tracks than the calorimeter could, but does so with

vides enormous strength in understanding the details of jet en- - : .
nearly 100 percent efficiency, an important requirement for re-

ergy deposition, and therefore, can provide excellent jet energy jet energy measurements. The EM calorimeter must be
resolution. We present some ideas of how such a device co '

) . Hiffe to provide the best possible separation of EM showers from
be configured and what performance might be expected. . oo )
the charged patrticles, meaning it must be dense with a small

Moliere radius and highly segmented.
. INTRODUCTION The concept of study then is an inner electromagnetic

Most physics goals of the NLC depend on the performancelorimeter, separated in the barrel from the hadronic calorime-
of the NLC calorimetry. The intermediate mass Higgs seartér by the solenoidal magnetic coil. The hadronic calorimeter
and studies require optimal jet resolutions #% and Higgs is assumed to be a modest sampling calorimeter but with very
reconstruction[2], hermiticity for tagging tie — v~ mode[2], good granularity, such as lead/scintillator or steel/scintillator.
and good electromagnetic energy resolution for measuremenTbé bulk of the jet energy is measured in the tracker and the
theh — ~~ branching fraction[3]. Suppression of backgroundsM calorimeter, and the hadron calorimeter must be very effi-
to theete~ — Zh requires good W and Z mass resolution teient in measuring neutral hadrons. Table | presents the major
reject the ZZ and WW production. A 4% unconstrained resdesign goals for the calorimeter.
lution for Ws and Zs, improving to 2% with the Z h constraint, The main focus of this paper is the electromagnetic calorime-
would be the goal. Top studies will demand precision energar. The most stringent energy resolution issue for the EM
measurements which have implications on calorimetry calibrealorimeter is the suppression of the background to Higgs
tion and resolution. The SUSY searches demand the best pps- primarily from ete~ — ~vZ. The issues for Higgs
sible hermeticity. Elimination of two-photon processes withins v~ are different for an NLC Detector and an LHC Detec-
a bunch train requires timing resolution as near the inter-buntd. In the latter case this decay mode must provide the dis-
spacing £& 1.4 nsec) as possible. covery, while at the NLC discovery will come easily with the

At higher energies, the study of strongly interacting gaugeominent decay modes, and one is measuring the branching
bosons throughkete~ — vWTW= and vvZZ requires ratio of an established state, a qualitatively different task. Fig-
two-jet mass resolution sufficient to distinguistfie= —  ure 1 presents the expected dependence of the fractional error
veWTW -~ fromete™ — vvZZ[1). iNno(Zhsar) - BR(hsar — v7y) on the EM calorimeter energy

The NLC Detector design employs a 4 Tesla solenoidal fielesolution[3]. The calorimeters studied and presented in this
driven by the requirement to protect the vertex detector from tfigure are (12% & 0.5% & 0.2%/E, (1) 5%/vVE & 0.5%, (1ll)
enormous number ofte~ pairs produced in the beam-beanm 0%/vFE & 1%, and (IV)12%/+/E & 0.5%[3]. Some improve-
interaction[4]. Optimal electromagnetic energy resolution deient on these numbers might result from constrained fits to the
mands that the solenoid be outside the EM calorimeter, agknts. An integrated luminosity of 150h (three years of
the coil radius should be minimized to contain costs. For thigsign luminosity) is assumed. Clearly there is an advantage
study, a 50 centimeter radius EM calorimeter has been chogenthe best possible EM energy resolution. However, this ad-
although larger radii may be required facceptable separationvantage must be evaluated in the context of the trade-offs with
of electromagnetic showers from charged tracks. losses to other physics goals. The approach taken here is to op-

The requirement of optimal EM resolution clashes with optiimize the overall EM calorimeter performance, which includes
mal jet resolution. Compensated calorimeters, which yield thesolution, but also other properties such as granularity needed
best jet resolutions, call for compromised EM resolution to préer optimal jet resolution.
vide uniformity between the EM and hadronic sections. TheA number of options for the EM calorimeter have been con-
calorimeter-dominated jet measurement technique also reliesatered. As described above we are searching for a technique
a limited disruption of the jet by a modest magnetic field. Owvhich will give good energy resolution, with fast (few nanosec-
plan for a 4 Tesla field and an EM calorimeter optimized farnd) response, operating in a 4 Tesla magnetic field, with as
EM calorimetry runs counter to this approach. We are themempact a shower development as practical. The options con-
fore adopting the strategy of a combined tracker with calorimsidered include crystals, silicon-tungsten sampling, lead (or
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Requirement Basis
EM calorimeter
Energy resolution ~ 10%/VE + 0.5% h— vy
Segmentation (transverse)
towers < 40 mrad charged/neutral separatign
pstrips at shower max < 2mrad | charged/neutral separation and electron identification
Spatial resolution ~0.3 mm at 100 GeV charged/neutral separatign
Timing ~ few nanoseconds rejection of two-photon events
Charged hadron rejection < 1% jet energy measurements
EM energy containment depth = 30X, energy resolution
Moliere radius ~7 mm charge/neutral separatign
Magnetic coil placement | outside EM calorimete EM energy resolutior
Hadron calorimeter
Jet resolution < 4% at100 GeV Two-jet mass resolution
Depth 6 A Jet resolution
Angular coverage > 99% 4rn Missing energy measurements
Segmentation ~ 40 mrad neutral hadron energy measurements

Table I: Design goals for the NLC Calorimeter.

silicon are its stable responses due to the linear charge collection
and flexibility in choice of segmentation.

The main draw-back to the silicon-tungsten sampling op-

e'e =7 >Thgy~Zyy
Resolutions: X(I); +(II); O(II); +(IV)

% 82 EBERRAREN RERAN RN RRRAR RN tion is its practical limit in electromagnetic resolution of about
o @ . 10%/+/(E). We take the view that the other features, particu-
£ o8 L=150 fb ® larly the very high level of granularity{ 4 million pads), justify
. & the compromise on the resolution.
S 05 % . ¥
= 04 x ° . . Il. THE SILICON CALORIMETER OPTION
g 0.3 x+ O rs % We propose a calorimeter with 3@ of depth composed of
.g X ; + . % tungsten plates with silicon sampling. The first 40 layers would
= 02 XX % be 0.5X, thick sampling at normal incidence with the lastXl{)
L N T T N T covered with Xy sampling. This configuration should yield
25 850 75 100 125 150 175 a 12-14%i/E electromagnetic energy resolution. Each layer
would be transversly segmented into 1°gpads, and all 40 lay-
My, (GeV) ers would be individually read out, as described below, result-

) _ _ ing in a very finely segmented EM calorimeter. Two orthogonal
Figure 1: Fractional error in the measuremenv0Z /) - |ayers of 1 mm pitch silicon microstrips would be deployed near
BR(hsy — v7) as a function of the Standard M?del HiI99%hower maximum+ 6X,) for shower position measurements.
mass, assuming an integrated luminosity of 150°tb The 16 gjlicon-tungsten sampling calorimeter technique has
four resolutions considered are @ & 0.5% + 0.2%/E, () peen adopted with excellent aess for luminosity monitor-
5%/VE & 0.5%, () 10%/VE & 1%, and (V) 12%/VE & ing at present-dayte~ colliders, first at SLD[5], and then at

0.5%.[3] OPAL[6] and Aleph[7]. These experiments continue to run suc-
cessfully more than 5 years after the first operation. The large

tungsten) fiber, and scintillator sampling. We propose silicon- i : .
. : . cale silicon-tungsten calorimeter proposed here is a natural ex-
tungsten sampling for a variety of reasons. The silicon-tungs{en _.
ension of these smaller systems.

techn!que can be deployed in a s_tructure w_lth_excellent show able Il presents the list of the principle features of the EM
containment, based on a 7 millimeter radiation length and a " .

. . - . ; calorimeter considered here.

Moliere radius of 20 millimeters. This can be done with a very
high level of granularity, which is critical to the jet energy re- .

construction described above in which charge and neutral en- A. Electronics

ergy must be separately measured. The energy resolution cait the NLC trains of 90 bunches, with an interbunch spacing
be better than 14%/E, depending on the sampling fractionpf approximately 1.4 ns, collide with repetion rate of 120 Hz to
with a very small £ 0.4%) constant term. Position resolutionl80 Hz giving a spacing between trains of 5.5 to 8.3 ms. Be-
at the face of the calorimeter for electromagnetic showers wowlgluse of the relatively low occupancy at the even the highest
be~ 0.3 mm at 100 GeV, which translates to 0.6 mrad &t.90foreseen luminosity, it is not necessary for all elements of the
Silicon has excellent energy response, such that timing of a fdetector to resolve individual bunches. Ideally the calorimeter
nanosecondes is conceivable. Other well-known advantageglettronics will provide both information about the amplitude
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EM calorimeter
Solid Angle Coverage 99.5% 4r
Segmentation
Transverse .02x.02 at90°
Longitudinal 0.5X,
Total Depth 30X,
Total Weight 23,768 kg
Barrel module 186 kg
Endcap (ea.) 1,468 kg
Number of Channels 4x10°
per barrel module 20,000
Number of Modules
Barrel 112
End Cap 64
Hadron calorimeter
Solid Angle Coverage 99.5% 4 Figure 2: Possible mechanical layout for silicon-tungsten EM
Total Depth 6 calorimeter barrel.

Table II: Parameters of the Calorimeter. These parameters are
chosen to achieve the Goals of Table I.

and time of the energy deposits in the calorimeter. The am-
plitude information can be averaged over all of the bunches in
a train, and will be extremely detailed, giving separate pulse
height for eachificon pad in the detector. The time informa-
tion need not be as detailed. Longitudinal information will not
be needed and the transverse granularity can be much larger
than for the amplitude information.

One possibility for the electronics is similar to the AMPLEX
approach[8] which has been successfully used in several silicon-
tungsten calorimeters in the past. In this approaelkh channel
is equipped with a low noise preamplifier and a sample-and-
hold unit, which is located close to the silicon detectors. After
the train of bunches has past, all of the channels can then b&igure 3: Possible mechanical layout for the EM module.
read out using an analog multiplexing scheme. In our design,
each |ayer of the calorimeter would bemmected to a Sing|e 4 dowels of 3 mm diameter which penetrate each of the plateS
analog output which would transport the multiplexed signals tg€e figure 3). In the air gaps, spacersumdeach dowel will
digitizing electronics located at the back edich tower. With be used to maintain the 1.8 mm clearance between layers. The
the present AMPLEX electronics, the analog signals are dislﬁyout of the silicon detectors will be varied from layer to layer
tized at a rate of approximately 0.5 MHz. If each tower contai$® that a given shower will be unlikely to encounter the small
approximately 45,000 channels, approximately 25 ADC/towgfacks between detectors in successive layers of the calorimeter.
would be needed to complete the digitization within 5 msec. .

The AMPLEX approach also allows the outputs of the indi- C. Cooling
vidual sample-and-holds units to be combined to form a “trig-A detailed cooling design of the detector has not yet been
ger” output. Although the “trigger” information is unlikely to made. One possible approach is to employ air cooling. This
be useful at the NLC where every channel could be digitized fafinimizes dead space between towers and is possible if low
each beam crossing, it is possible that the trigger informatippwer electronics~ 50 pW/channel or less) can be used. A
could be used for timing. A summed signal with a rise time ¢rge reduction in the power consumption over electronics in
order~ 1.5 ns is perhaps impossible, but it may be possible e at storage rings can be realized, if the pre-amplifier and trig-

identify the correct bunch with a much slower signal. ger portion of the electronics is powered only during the time
. . the beams are actually colliding. At 180 Hz the NLC only has
B. Mechanical Design a duty cycle of 4.&10~>. This could reduce the power con-

A possible mechanical design for the detector is shown in figamption of the pre-amplifier portion of the circuit to a negligi-
ure 2. This design divides the detector barrel into 112 towehde level. If care is taken in the design of the multiplexing stage
There are 16 divisions in azimuth and 7 in longitude. The gapéthe front end electronics, it may be possible to meet or exceed
between modules are not projective and will be approximatdtye 50W goal.

1 mm. The tungsten plates are separated femwoh other by 1.8 mm.

The stack of 50 tungsten plates will be held in place usimduch of the space between layers will be needed for the silicon
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average rms of resolution
observed energy observed energy
No v 480 GeV 25 GeV 5.3%
No v orn 460 GeV 34 GeV 7.3%
Nowv,n,orK? 434 GeV 39 GeV 9.0%

Table Ill: Energy Resolution for Total Event Energy.
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Figure 4: GEANT simulation otTe~ — Z°h(120 GeV) 50
event. The inner region of this figure corresponds to the tracker :
and the inner surface of the electromagnetic calorimeter is evi-
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detectors and the front electronics which will be mounted on o )
thin kapton circuit boards. Gaps of 0.5 mm to 1.0 mm will réFigure 5: Separation (in centimeters) between gammas and the
main for air cooling. Depending on the direction of the air floglosest charged track at the calorimeter face for gammas with

(radial or longitudinal) flow rates between 10 cm/s and 50 cnifore than 10 GeV of energy and charged tracks with at least
would be needed. 10% of the gamma energy.

IIl. JET RESOLUTION SIMULATION gammas from the charged t_racks within a few_m|ll|meters.
) ) _ We assume, conservatively, that the highly segmented
(flgure4 presents a simulation of an event of the ye” —  calorimeter described above will begin failing to separate EM
Z°h(120 GeV) interacting in the NLC EM calorimeter de-showers and charged tracks when they strike the calorimeter

scribed above[9]. In order to clearly display the energy depogjithin 1.4 cm. We assume the neutral EM showers within 1.4
tion, the structure of the detector is not shown. This projectigf, of a charged hadron at the calorimeter face are measured
of the detector covers about 1xn1 m. The inner surface of theyith the usual EM resolution of2%/VE & 1%, 93% of the
EM calorimeter, at a radius of 50 cm, is clearly seen where thgne, with the remaining 7% of the showers lost. For other neu-
photons are converted to EM showers. This image give a quil showers and charged tracks the reconstruction efficiency is
itative feel for the ability of a high granularity EM calorimeteigonservatively assumed to be 98%. The resolution on neutral
to separate the neutral electromagnetic clusters. ~ hadrons is assumed to B8%/'E @ 2%. Directional smear-
The fluctuations in neutrino energy in jets contribute an irrghg is imposed on all reconstructions. Under these assumptions,
ducible limit on the resolution of energy measurement, althouga expect the two-jet mass distribution for a 120 GeV higgs
event constraints can partially ameliorate these fluctuatioRgson in the reaction shown in figure 6.
The jet measurement technique being proposed here seeks 1fe mass resolution in figure 6 of 8 Ge¥/is dominated by
build from the excellent tracking measurements, with the mege |oss of energy from neutrinos. Here energy and momentum
surement of neutral particles (gammas, neutrdfs, etc.) in_ pajance have been imposed on the four jets in each event af-
the calorimeter. Table Il shows the contribution of the non-Ely events with more than 10 GeV of missing transverse energy
neutral components of events to the rms fluctuation of obserygge been removed to reduce the effect of neutrinos. This re-
total energy for events of the typee™ — Z°h(120 GeV), sults in a loss of just over 50% of the events. A more detailed

Z°(— q7), (h120 gev — bb). The jet resolution of the detec-fit to the events could improve the resolution.
tor is ultimately limited by the fluctuations in neutrino energy,

which exceed 5% for the Higgs events.
Figure 5 shows the gamma-charged hadron separation at the IV. BACKGROUNDS

calorimeter. For gammas froate~ — Z°h(120 GeV) of  The major backgrounds that must be considered for the

more than 10 GeV, the distance at the calorimeter face to taorimeter are synchrotron radiation, lost particles, the muon

entrance point of the closest charged hadron of at least 10840, and mini-jets which are enhanced by the beamstrahlung.

of the gamma energy is plotted. It is necessary to separate thiEhe synchrotron radiation backgrounds have been extensively
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needed to optimize the configuration of the air flow. Once the
optimized cooling design is in place, it can be tested using a
prototype module with dummy heat loads. Similarly, significant
electronics development is needed to adapt high density multi-
plexing schemes to the unique environment of a linear collider.

Futher work is also needed to optimize the overall mechanical
design of the calorimeter so as to minimize the dead space be-
tween modules and at the same time allow for a practical cool-
ing design.

Final validation of this calorimeter concept will require that
prototype electronics and a prototype mechanical design be sub-
jected to a beam test to show that the desired spatial and energy
resolution can be achieved.

VI. CONCLUSIONS

We have examined the option of a high granularity silicon-
tungsten sampling electromagnetic calorimeter combined with

Figure 6: Two-jet mass distribution (in Gev) for the jet pair a relatively well segmented hadron calorimeter for the NLC De-
identified as hinte~ — Z%h(120 GeV') events. A gaussian tector. The requirements and constraints on the NLC Calorime-
fit to the peak gives a sigma of about 8 Gel// See text for ter appear to be well satisfied by this approach. This technique

description of jet reconstruction.

provides enormous strength in understanding the details of jet
energy deposition, and therefore, can provide excellent jet en-

studied and are being handled with masks and apertures foll@rgy resolution.

ing the experience with SLC/SLD[10]. The muon halo will be * This research was supported by the U.S. Department of En-
reduced to less than 1 muon per beam crossing with magnetigzegly grant DE-FG03-96ER40969.

iron muon spoilers in the tunnel upstream of the final focus. The

lost particles are handled by shielding.
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