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1 Detector Layout, Optimization and Simu-
lations

1.1 Overview

The STAR[?] detector is a large volume solenoidalmagnet (B=0.5 T) with
axis alongthe beamline with most of its volume�lled with a time projection
chamber which provides tracking and momentum analysisof chargedparti-
cles. Figure 1 shows a crosssectionof the west half of STAR. The magnet
is at the upper and right edgesof the �gure and the beamline is just above
the bottom of the �gure with the intersectionregionat the lower left corner.
The Barrel ElectromagneticCalorimeter (BEMC) is represented by the hor-
izontal blue bar near the top of the �gure and the Endcap Electromagnetic
Calorimeter (EEMC) is represented by the vertical blue bar at the right.

In order to illustrate the di�culties presented by forward tracking with the
current STAR detector asshown in the upper portion of Fig. 1 contains the
simulated tracks of 3 electronsthrown in the direction of the endcapwith a
vertex at the center of the interaction region. The Time Projection Chamber
(TPC) readout measures(r, � ) points vs. time in front of the EEMC which is
at the right of the �gure. Assuminga minimum of 5 hits are required to �nd
tracks the useful tracking volume of the TPC is shown by a heavy dashed
blue line. As one can seethe electron with � =1 extends near to the the
TPC full radius and will have the a large number of hit points and the TPC
is expected to give excellent tracking information for it. The other tracks
beyond this losehits until near eta=1.5 they have lessthan the required 5
hits. The interaction diamond at STAR will extend 30 cm each side of the
center. For verticescloserthan center to the endcapwill su�er a much more
rapid loss of hit points in the TPC, exacerbatingthe problem. The TPC
simply doesnot measureenoughpoints for � much larger than 1 to provide
charge sign separationfor the pT >20GeV electronsand positrons resulting
from W � and W+ decay. Additional tracking in the forward direction is
clearly required to to provide chargeseparationfor the full acceptanceof the
EEMC and vertex distribution.

Shown alongthe beamline in Fig. 1 is the Forward GEM Tracker (FGT),
6 disks along the beamline, optimized to provide su�cien t tracking for the
W program. The geometryhas beenchosenas part of an integrated track-
ing upgradefor the STAR experiment, the other component of which is an
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central tracking systemcoveredby a separateproposal[?].need new ref to
central trac king prop osal This systemfor � 1 < � < +1 is con�gured as
silicon barrels around the interaction point, consisting of two layers of the
Heavy Flavor Tracker (HFT) serving as a � -vertex detector, 2 layers of the
IntermediateSilicon Tracker (IST) and onelayer of the existing Silicon Strip
Detector (SSD).

While this central tracking contributes to tracking resolution near � =1,
particularly for vertices left of center in Fig. 1, much of the forward region,
+1 < � < +2, requires additional coverage provided by the FGT The six
triple-GEM type disks of the Forward GEM Tracker (FGT) are numbered
1-6 in each of the panelsof Figure 1. Tracks of electronswith ET of 40GeV
areoverlayed for three di�erent � values(1:0; 1:5; 2:0), originating from three
Z vertex locationsat � 30cm, 0cm and +30 cm to illustrate how the di�erent
tracking components contribute for di�erent vertex locations.

Several options basedon disk and barrel arrangements including forward
silcon disks have been studied. The proposed optimal con�guration was
chosenasit e�ectively addressesthe acceptanceissueswhile providing a cost
e�ective solution basedonly on GEM technology. In the �nal con�guration
the proposedinner fast tracking system(IST and SSD)will provide essential
precisehit information supplemmenting TPC hits to constrainhigh-pT tracks
for part of the vertex distribtuion. This underlines the importance of those
inner tracking elementsalso for the future W physicsprogram. It may be
more imp ortan t to poin t out that we can run without the central
trac king by adjusting the GEM positions in early years However,
simulations show that the 6 GEM disks can be redistributed to cover most
of the solid angleon their own for early yearsbefore the central tracking is
complete.

GEM technology is widely employed by current and future experiments
in nuclearand particle physics. A SBIR proposal(Phase1 and Phase2) has
beenapproved and is the basisfor the industrial production of GEM foils to
be usedfor the forward GEM tracking system. The readout systemfor both
the intermediate(IST) and forward (FGT) tracking systemsarebasedon the
APV25-S1readoutchip which hasbeenextensively testedfor the CMS silicon
tracker and is also usedby the COMPASS triple-GEM tracking stations. A
common chip readout system will signi�cantly simplify the design of the
overall readout system for the integrated tracking upgrade. The proposed
con�guration is basedon light-weight materials to limit the amount of dead
material in the forward direction. It alsoprovidesthe possibility to decouple
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Figure 1: a) Simulated EM showerfor electrons with ET of 40 GeV thrown
from nominal Z=0 vertex location is overlaid for 3 selected eta valuesof 1.0,
1.5, and 2.0. The location of multi-layer barrel of the IST and SSD inner
tracking systemis also show. b) and c) showzoom in of FGT disks crossed
by electron tracks thrown from Z vertex of -30 and +30 cm, respectively, at
the same3 eta directions.

the inner and forward tracking systemfrom a mechanical perspective.Is this
technical information that should go somewhere else? Seems to be
plopp ed here as an orphan
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In the following wewill summarizethe requirements for a forward tracking
system as dictated by the future STAR W physics program, present simu-
lations showing that the proposedtracking system full�lls the charge sign
determinatin tracking needsof the program, and �nally present beginning
simulations on electron/hadron discrimination.

1.2 Requiremen ts

General The FGT servesthe W-physicsspin program at 500GeV center-
of-massenergy in p+p collisions. Optimization for operation in a high-
multiplicit y environment asrequired for a relativistic-heavy ion program has
not beenconsideredto be a stringent requirement in the design.

Geometric constrain ts It is required that the west forward TPC be re-
moved but no other modi�cations to the STAR detector are required. In
particular care must be taken to maintain proper clearancefrom the TPC
inner �eld cage.

Dead material Dead material can serve as a background radiator, and
when in the acceptancecausemultiple scattering and photon and electron
showering that will compromisethe physicsSTAR's physicsprograms. Ma-
terial should be minimized and kept out of the the solid angle to the full
extent possible.

Charge discrimination Identi�cation of the electronsand positronsfrom
W decay is central to the measurements asdescribed in the previoussection.
The forward tracking upgradesystemalongwith existing STAR components
and the inner tracking systemmust provide high e�ciency chargeseparation
out to � =2 for the full vertex distribution.

e/h separation The suppressionof hadronic background will be essential.
This will be basedon isolation cuts around the decay electron, vetoing of
hadronic backgroundsbasedon detection of the away side jet and the usage
of the various EEMC readout elements (Pre- and post-shower layers, total
energyand shower-maximum detector) to provide an e�ective meansfor e/h
separationthrough transverseand longitudinal shower shape discrimination.
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Figure 2: Comparison of RHICBOS and PYTHIA simulation resultsfor the
pT spectra of e� (left column) and e+ (right column) with no � cut, a cut on
the forward acceptance of 1 < � < 2 and a cut at mid-rapidity of � 1 < � < 1.
The lower pT region is more enhanced for forward rapidities in comparison
to the mid-rapidity region.

Rate capabilit y The FGT shouldbe able to handlethe full RHIC-I I peak
luminosity of 4 � 1032cm� 2s� 1 at a center-of-massenergyof 500GeV in p+p
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collisions. This will include an averageof 1.7 minbias collisions per bunch
crossing, or up to 10-20 minbias tracks in the endcap region. The FGT
should be able to resolve individual beam bunches, and granularit y should
be �ne enoughto avoid pileup problems in tracking the high pT electrons
and positrons of interest.

Readout system A common chip readout system of the IST and FGT
will signi�cantly simplify the design of the overall readout system for the
integratedtracking upgrade. It must becompatiblewith the STAR DAQ1000
upgrade,i.e. nominally deadtimelessat 1000Hzacceptedevent rate.

Trigger In addition, to accomplishthe physicsgoals,STAR must e�cien tly
trigger on relevant high pT electron and positron events. There are already
well developed techniquesin STAR for high tower, and tower patch triggers,
and this program doesnot imposeany additional requirements beyond what
hasalready becomeroutine.

1.3 Simulation results

A number of simulations have beenperformed in development of the FGT
design.First we present simulations usedto optimize the overall FGT geom-
etry, number and location of planes,to assurehigh chargesigndiscrimination
e�ciency . Theseare followedby simulations to optimize the internal segmen-
tation of readoutstrips for occupancyconcerns.Wethen describesimulations
of chargecollection in the GEM chambers which will eventually be usedfor
developing tracking and vertex �ndian algorithms in the full multiparticle
pileup environment expected in real events. Finally we present our initial
studiesof e/h discrimination.

e� =e+ separation Distinguishing the signof the e� sand e+ s from W decay
is very challengingeven with excellent tracking. The transversemomentum
and energy for theseare shown in Fig.[?]. As the e� s and e+ s point more
toward the forward direction, � =2, they not only losehit points in the TPC,
they traverselessof the solenoidalmagnetic �eld and their momenta point
more along the �eld. Figure 4 shows that many of the tracks deviate from a
straight line, as measuredby the sagitta, by lessthan 1mm.
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Various tracking geometrieswere investigated. Barrels of GEMs were
rejectedearly just from estimating the areathat neededto be instrumented
was to large to be a�ordable. Early designsincluded silicon disks at the
end of the central silicon tracking barrels. Thesewere found to be e�ective
only for too small a region of the extendedvertex to be practicable. In the
following we present primarily the simulations showing that the 6 GEM disk
con�guration and resolution requirements are optimized to meet our physics
requirements.
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Figure 3: Transversemomentumand total energy of electrons and positrons
in W production in the STAR EEMC acceptance region. A measurement of
ET in the STAR EEMC with an accuracy of a few percent wil l be possible.
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Figure 4 shows the value of sagitta in mm as a function of pT and � for
the forward upgradecon�guration with the �rst hit at the event vertex and
the last at the location of the STAR EEMC shower-maximum detector. The
correlation is shown for a sampleof events generated
at in pT (5 < pT <
40GeV/c) and � (1 < � < 2). The forward tracking systemin combination
with existing STAR detector components has to be able to provide charge
sign discrimination with high e�ciency for e� =e+ for sagitta valuesaslow as
0:2mm at the highest pT (40GeV/c) and � (2) values.

Two independent simulation paths have beenchosento optimize the for-
ward tracking con�guration. One,which modelsthe location of varioustrack-
ing elements and their Gaussianerrors will be referredto as the HELIX MC
model. This simple model ignores the impact of dead material. This ap-
proach was chosento provide a quick turn-around of acceptancestudies for
varying detectorcon�gurations. At high pT , asis the casefor the W program,
multiple scattering is expectedto play a minimal role so this approximation
was deemedacceptablefor theseinitial geometricstudies. The secondsim-
ulation chain is fully basedon the STAR reconstruction framework starting
from the STAR GEANT model (STARSIM) followed by the STAR recon-
struction chain.

In the Helix model we assumehits from the silicon detectorsIST1, IST2,
SSD,the six FGT disks, the TPC, the �ne grainedshower maximim detector
in the EEMC (ESMD), and a transversevertex constraint derived from the
meanbeamlocation. The hit points predicted by GEANT are smearedwith
Gaussiandistributions as described in Table [?] and weights are assigned
accordingly. It hasbeenshown in simulation that the STAR EEMC shower-
maximum detector provides a hit resolution at the level of 1:5mm (Figure
7). If lessthan 5 hits are found in working TPC padrows (2-12, 14-45) all
TPC hits are discardedand the tracker will use only fast detector hits in
addition to the vertex constraint. We expect that pileup in the TPC may
prevent a reliable reconstruction of short track segments and the 5-point
seedis the nominal value usedin the current TPC reconstruction software.
Reconstructedtracks are required to contain a minimum of 5 hits, including
the vertex.

In de�ning the vertex constraint it is important to consider that one
expects that W-events will contain very few primary tracks at mid rapidit y.
Figures5 and 6 show the pT and multiplicit y distribution of pionsand kaons
from a PYTHIA W event simulation. Often only the electron/positron from
W decay will be detectable for � 1 < � < 2. Hence in many events it is



1 DETECTOR LAYOUT, OPTIMIZA TION AND SIMULATIONS 9

Figure 4: Sagitta in mm as a function of pT and � for the forward upgrade
con�guration with the �rst hit at the eventvertex and the last at the location
of the STAR EEMC shower-maximumdetector. The correlation is shown
for a sample of events generated 
at in pT (5 < pT < 40GeV/c) and �
(1 < � < 2).

likely one will not be able to reconstruct the primary vertex position on an
event-by-event basisbefore the electron track itself is found. The following
simulation result will not assumea reconstructedevent vertex on an event-by-
event basis. Instead we make useof a transversebeam-lineconstraint. Both
colliding beamsare well focusedwith a pro�le of the interaction diamond
in both transverse directions of about 250� m at 200GeV center-of-mass
energy. It is expected that the transversebeamsizewill be further reduced
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Figure 5: PYTHIA prediction of hadron pT for
p

s = 500GeV W production
in p+p collisions.

by a factor
p

2:5 at 500GeV center-of-massenergy. The transverseposition
of the interaction diamond is stable during �lls and changestypically by
approximately 100� m [?] at a short time scale.The beamline constraint is
routinely determinedand usedat STAR for various TPC related analyses.

In the Helix reconstruction simulations we assumethat the transverse
vertex position is known with a Gaussiansigmaof 200� m. The impact of a
larger transversebeamsizehasbeenevaluated asa minor e�ect and will be
discussedbelow. The expected longitudinal sizeof the interaction diamond
will be of at least 30 cm. Therefore in the simulation the Z vertex location
of thrown electronshas beeninitialy �xed to 3 valuesof � 30cm, 0cm and
+30 cm and subsequently smearedin reconstruction with a Gaussiansigma
of 30cm. Optimization of FGT performancefor extendedvertex diamond is
essential consideringthe small cross-sectionfor W production at

p
s = 500.

The helix �t consistsof two consecutive steps. First 2D circle parameters
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Figure 6: PYTHIA prediction of hadron multiplicity spectra for
p

s =
500GeV W production in p+p collisions. A cut of pT > 0:5GeV/c and
� 2 < � < 2 hasbeen imposed on every �nal state hadron.

Detector Resolution Remarks

Vertex 200� m in X ; Y Added as hit
IST1 20� m in r �
IST2 500� m in r �
SSD 20� m in r �
TPC Jan need num bers

hline FGT 60� m in X ; Y 6 disks
EEMC SMD 1:5mm in X ; Y

Table 1: Sigmaof Gaussiansmearing applied to hits from various detectors
before helix wasreconstructed.

are calculatedbasedon (x; y; weight) valuesusing a standard circle-�t algo-
rithm, checking that the � 2=ndf is approximately 1. The resulting 3 output
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Figure 7: Position resolution for log-weighting method of STAR EEMC
shower-maximumstrip information [?] for di�er ent shower tail cut-o� pa-
rametersare shownin the lower 4 panels. The upper two panelsshowposition
resolutionsfor 2 methods using linear weighting.

parametersare X 0, Y0 of the center of the circle and its radius R. Next the
straight line 2D �t is performed in the Rxy � Z plane using (X 0; Y0) from
the circle �t. The reconstructedtrack is declaredas valid if the deviation
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betweenthe original (thrown) and reconstructedmomentum direction at the
primary vertex deviateslessthan 3mrad in theta andphi directions. This cut
translates to a displacement of about 1cm of projected track at the ESMD
plane. Finally, the signof the chargeof the reconstructedtrack is determined
basedon the sign of the curvature of the circle �t.

Figure 8: Correlation of Rxy , the radiusof hits in the detectors,vs. pseudora-
pidity of thrown tracksfor 3 di�er ent vertex locations of a) -30 cm, b) 0, c)
+30 cm. The TPC hits are shownas bluehits separating the inner and outer
pad rows. The gap in between is pad row 13 which has been excluded. The
red hits are the STAR EEMC shower-maximumdetector hits. The location
of the FGT hits are shownin magenta.

In order to seehow we maximize the number of active detector layers
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seenby an electron track it is instructive to look at �gure 8 which shows
the correlation of the radius of hits in the detectors,Rxy vs. � for a �xed Z
vertex location at 0cm, � 30cm, and +30 cm. The TPC hits are shown as
blue hits separatingthe inner and outer pad rows. The gap in-betweenrefers
to pad row 13 which has been excluded. The red hits refer to the STAR
EEMC shower-maximum detector hit. For Z = � 30cm (Figure ??), the
SSDand IST1,2 cover almost the full � rangefor 1 < � < 2. The hit location
of the FGT is shown in magenta, which covers in particular the region for
� > 1:5. The FGT becomesmore important at Z = 0 and is essential for
Z = +30cm.

Figures (Figure 9-13) show simulation results of the track reconstruction
e�ciency and chargesign discrimination probability for single tracks gener-
ated 
at in � and � with pT = 30GeV/c. Simulations weremadeseparately
for three Z vertex locations at � 30cm, 0cm and +30 cm. E�ciency for
various detector con�gurations (labeledA,...,G) are summarizedin Table 2.

Figure 9 shows the charge discrimination probability (ratio of the num-
ber of reconstructedtracks requiring the correctly reconstructedchargesign
divided by the number of generatedtracks) for the caseof: a) only the TPC
and vertex constraint (Con�guration G); b) as in a) but adding the EEMC
SMD (Con�guration F); c) as in b) and including the FGT, SSD and IST
(Con�guration A). The TPC only caseshows a clear drop in the chargedis-
crimination probability for � > 1:3. The impact of the EEMC SMD can be
seenby comparing Con�guration G and F. The needfor additional precise
hits is clearly apparent.

Instrumenting STAR with 6 FGT disks as well as with the IST1,2 and
SSD will improve signi�cantly our abilit y ro reconstruct e�cien tly the sign
of electron or positron from W decay. Figure 11 shows in the left column
the track reconstruction e�ciency determinedas the ratio of the number of
reconstructed tracks irrespective of the correct charge sign to the number
of generatedtracks. The right column shows the chargesign discrimination
probability. A magenta vertical line marks the nominal limit of EMC cover-
agein � . A magenta horizontal line marks intended 80%e�cien y level. The
top row shows the optimized caseof six FGT triple-GEM diskstogetherwith
other tracking elements described above (Con�guration A). Good track re-
constructione�ciency and chargesigndiscrimination probability is obtained.
The bottom row refersto the caseof using only 4 triple-GEM disks (Con�g-
uration D). The performancedegradesin particular for � valuescloserto 2
at Z > 0. Such a con�guration would be the absoluteminimum without any
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Figure 9: Charge sign discrimination probability (ratio of the number of re-
constructed trackswith correctly reconstructed chargesigndivided by thenum-
ber of generated tracks) for a) TPC +vertex only, b) TPC +vertex+ EEMC
SMD, c) all in b) plus the FGT, SSD, and IST.

redundancy. Any further reduction of triple-GEM disks leadsto a signi�cant
degradationin performance.

Figure 12 shows the dependenceof track reconstruction e�ciency and
chargediscrimination probability on the FGT resolution from 60 to 120 � m
(Con�guration A1, A2, A3). The observed changefrom 80 � m to 120 � m
is modest. A hit accuracy of 90 � m for triple-GEM detectors has been
already demonstrated in preliminary analysis of the test beam data taken
at FermiLab in May of 2007,as shown in �g. 10. We intend to usebetter
calibration and cluster �nder algorithm to further improve resolution down
to 70� m. Triple-GEM technology thus satis�es the requirements for forward
tracking in STAR with a comfortablemargin.
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Figure 10: Residual of reconstructed tracks from the FermiLab test beam
data taken in May of 2007. Three GEM detectors have been used. The
horizontal projection in the middle detector is shownwhende�ning the track
asa straight line between detector 1 and 3. Assumingall three detectors have
the sameresolutionthe spatial resolutionof onedetector hasthe sigmaof the
distribution divided by Sqrt(2). Here this correspondsto about 90 um.

The top and middle rows in Figure 13 show the track reconstruction
e�ciency and chargediscrimination probability variation with changesin the
uncertainty of the event vertex associated to the transversebeam sizefrom
500� m to 1000� m (Con�guration A4 and A5). Even a changeasextremeas
1000� m hasthe e�ect of reducingthe chargesign discrimination probability
to around 70% at the highest � value, i.e. even in caseof a poor vertex
constraint, the chargesign discrimination probability is still reasonable.The
bottom row in Figure 13 shows the variation due to a GaussianZ vertex
distribution with a sigmaof 30cm on top of � X = � Y = 200�m asdescribed
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Figure 11: Track reconstruction e�ciency determined as the ratio of the
number of reconstructed tracks irr espective of the correct charge sign to the
number of generated tracksshownon the left column. The right column shows
the charge sign discrimination probability. The top panel showsthe caseof
for six FGT triple-GEM diskstogetherwith other trackingelementsdescribed
above. The bottom panel refers to the caseof using only 4 triple-GEM disks.

above (Con�guration A6). This result is consistent with con�guration A.
In summary, a number of variations about our optimum designand an-

ticipated performancehave been consideredto test the robustnessof the
resulting charge sign discrimination of high-pT tracks in the STAR EEMC
acceptanceregion. It has been shown that this task can be accomplished
using a beam line constraint, precisehit information from six triple-GEM
disks, hits at forward � from the TPC and the electromagnetic-clusterhit
information from the shower-maximum detector of the STAR EEMC. The
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Con�guration FGT (6 disks, 60� m) Vertex,IST,SSD,
TPC,ESMD

A Default Vtx � X = � Y = 200�m
A1 80� m
A2 100� m
A3 120� m
A4 Default Vtx � X = � Y = 500�m
A5 Default Vtx � X = � Y = 1000�m
A6 Default Vtx � Z = 30 cm
D 4 disks
F no
G no no EEMC SMD hit

Table 2: Simulation con�guration. The default is A.

proposedcon�guration provides optimized acceptancefor a Z vertex distri-
bution width of about 30cm. Precisehit information from the fast inner
tracking system(IST and SSD) is important to enhancethe acceptancefor
Z < 0. The proposedcon�guration provides a cost e�ective solution based
only on GEM technology. All relevant aspects related to GEM technology
will be discussedin the next chapter.

GEM Slow Simulator In parallel with designof the actual FGT detector,
work is progressingon realistic simulations of detector response. One can
subdivide this processinto several stages

� propagation of particles from the primary physics event through the
passive and active material of STAR detectors including secondary
hadronic and electromagneticinteractions.

� conversionof ionization left in the gasvolumebeforethe �rst GEM foil
into primary and secondaryionization pairs,

� ampli�cation and di�usion of the charge cloud before it reaches the
readout strips behind the 3rd GEM foil,

� charge collection by two orthogonal planesof strips, addition of gain
variation and pedestalnoise
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� one-dimensionalreconstructionof clustersin each plane,

� 3D multiple track reconstruction, including external information about
vertex location and Endcap SMD hit position, allowing one to begin
studiesin the full event topology whereonemust disentangle ambigui-
ties betweenmultiple tracks crossingoverlapping R- and � -strip planes
in up to 6 GEM disks.

The �rst item is done using standard STAR software basedon Geant 3
and will not be discussedfurther. The last item on tracking is just beginning
having becomepossiblewith the advancespresented in this section.

Fig. 14 shows a cross section of the triple GEM detector prototype.
Charged particles ionize gas in the top detector volume and some of the
primary ions generatesecondaryionization. Di�usion smearscharge trans-
versely until it reaches the �rst GEM foil. Charge follows the electric �eld
lines and its position getsquantized on the hexagonalgrid holesin the GEM
foil and further di�used. Finally, ampli�ed charge passesthe 3rd GEM foil
and is collected by a handful of strips in each plane. The so called GEM
'slow simulator' simulates this process.

Basedon earlier studiesRef[ Frank??] we have chosenreasonablevalues
simulating responseof the active gasvolume of the FGT to a MIP track, as
shown in �g. 15. In Fig. 16 we display schematically the quantization of the
chargelocalization ampli�ed by the hexagonalgrid of holesin the GEM foil.
In the simulations wehave assumedholespacingof 140� m. Next, the charge
distribution is folded with a 2D Gaussianhaving � =350� m and projected
onto 2 orthogonal setsof strips asshown in �g. 17. Basedon this simulation
one expects a cluster width of several strips in both directions. Finally, we
fold in strip gain variation of 3% and pedestalnoisewith an amplitude of 5%
of the max-strip amplitude, reconstruct the cluster position, and compare
its position with the known value from M-C. The resulting cluster position
residualsareshown in �g. 18. Basedon thesesimulations we areexpecting to
reconstruct clusters in the � -direction with an accuracyof 40� m and in the
R-direction with an accuracyof 120� m. Both valuesexceedthe assumptions
used in our study of pT resolution discussedin an earlier section. These
results may degradesomewhatoncemore e�ects are included in the GEM
slow simulator, e.g. we do not include time the dependenceof the GEM
response.
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Occupancy studies A realistic modelof the strip layout, shown in �g. 20b,d,
assumesR-strips (pitch of 400/600um) for R below/ab ove 15cm and � -strip
(pitch of 400 um) at the longer edge. We have usedin this study min-bias
Pythia events at

p
s = 500 GeV. Fig. 19 shows the expected track density

across2 GEM disks at two extreme locations with respect to the vertex
position.

We concludea singleminB event will produceon average1-2 tracks per
GEM disk, most likely close to its inner edge. We decided to subdivide
each GEM quadrant in to 4 sub-sections,making the inner sectionsmaller to
equalizehit probability. This way we minimize likelihood of multiple tracks
crossingoverlapping � - and R-strips, which leadsto ambiguities in resolving
the 2D cluster position. We eventually plan to use 3D information from
multiple GEM disk to resolve such ambiguities. Basedon the sameminBias
Pythia events we concludedmost of the strips will be crossedby one track
per 1000 events. Only R-strips close to the inner diameter will seemore
tracks.

Note, thosestudiesdo not involve the FGT slow simulator discussedabove
and are basedonly on GEANT tracks crossinggeometricalstrip boundaries.
In reality each track will result in a cloud of chargedetectedby several strips.
Furthermore, one should also account for relatively long time responseof
the GEM detector of few hundred ns. This will result with sizablepileup
of minBias events from later bunch crossings,colliding every 107 ns. It is
reasonableto assumestrip occupancycould be 10 times worsethan reported
hereand requiresfurther study.

e/h separation The di�cult y of our task for e/h discrimination is illus-
trated in Figure 24. Here we show the pT distributions for chargedhadrons
from a PYTHIA MC sample in comparisonto a PYTHIA MC sample of
electronsfrom W events. Even at the peak of the W � decay distribution
near pT = 40 GeV there are � 300 times more hadronsthan electrons. The
situation clearly getsworsewith lower pT . Figure 24 alsodemonstratesthat
a drastic reduction in backgroundcanbeachievedwhile retaining most of the
W signal events by requiring isolation cuts and a \missing pT " cut (actually
a veto on energyopposite the electroncandidate in � ), and at 40 GeV these
appearnearly su�cien t. Note that the hadronsareplotted at their actual pT

and not that detectedby the electromagneticcalorimeter, thus the isolation
and the away side veto cuts with an E/p cut should allow a reduction of
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hadronic background over signal at a level of 103.
Additional gainsare expected from cuts on energydeposition vs. depth

in the calorimeterbasedon quantities shown in Figure 22,and will beneeded
to preserve suitable signal to background ratios at lower pT where increas-
ing hadronic background can dominate the electron/positron signal we seek.
Triggering on the high energyelectromagneticsignalsat high e�ciency will
be possibleat acceptablerates by using a threshold on energydeposition in
the calorimeter. We note that such a trigger already suppresseshadronic
background.

The STAR EEMC provides a powerful set of individual calorimeter el-
ements for e�cien t e/h discrimination through transverseand longitudinal
shower shapediscrimination. Thesewill beneededto preserve suitablesignal
to background ratios at lower pT whereincreasinghadronic background can
dominatethe electron/positron signalweseek.Figure 21showstypical show-
ersfor 30GeV electronsand hadrons. Electronsform a niceshower contained
in a Moliere radius beginningat the �rst layersof the calorimeterbuilding to
a large number of particles at the shower maximum detector and dieing out
for the most part by the back of the calorimeter. The calorimeter is only one
hadron interaction length thick, so hadrons can passdirectly through only
depositing dE/dx in the scintillator. When the do interact hadronically a
large di�use shower is producedand signi�cant energyleavesthe rear of the
calorimeter.

Shown in �g 21 are the subsystemsin the EEMC included speci�cally
for particle ID. Those are EEMC pre-shower layers, the shower maximum
detector, the individual calorimeter towersand the post-shower layer. Figure
22 shows important discriminating signalsfrom thesesubsystems.The red
line refers to simulation of a single pT = 30GeV charged pion whereasthe
black line refersto the responseof a pT = 30GeV electron. At the upper left
oneseesthat very few pions deposit near their full energyin the EEMC. At
the upper right oneseesthat when the hadronspassasa minimum ionizing
particle they deposit all their energy in one tower. Thesewill be triggered
only by someother associated particle. When they do interact they spread
their energyamong towers more than the electronswhich put little energy
outsidetwo neighboring towers. The middle row shows the energydeposition
in the two pre-shower and the post-shower layer. The electronsdeposit more
energy than hadrons in the pre-shower layers and the most violent hadron
interactions deposit more energyasthe shower leavesthe rear of the EEMC.
In the bottom row we seethat the SMD layers recieve recieve a much higher
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energydeposition from electronsthan the typical hadronand the width of the
electronshower is more focusedthan hadronsthat shower. Theseproperties
of the EEMC have beenusedto �nd much lower energysamplesof electrons
from real p+p events acquiredby STAR in the 2006run asshown in �g. 23
and are shown hereas a proof of principle.

Considerablymore simulation work is still to be done. Slow simulators
of the GEM responsemust be completedand usedwith tracking and vertex
�nding algorithms in a realistic muli-particle environment. In addition full W
event simulations must be comparedto full hadronic QCD event simulations
with our full array of e/h discrimination techniquesto evaluate how low we
can reach in pT while having a reasonablesignal to background ratio.
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Figure 12: Study of signi�c ance of assumed FGT resolution of 80� m
(top),100� m (middle) and 120� (bottom) on track reconstruction e�-
ciency(left column) and charge discrimination capability (right column).
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Figure 13: Study of the in
uenc e of vertex reconstruction accuracy in the
transversedirection : 500� m (top) and 1000� m (middle); and for the case
of a GaussianZ vertex distribution with a sigma of 30 cm, on track recon-
struction e�ciency (left column) and charge sign discrimination probability
(right column).
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Figure 14: Crosssection of the GEM detector prototype.

Figure 15: Summary of gas ionization model used to describe active GEM
gasvolumeresponseto a MIP. On averagewewil l have14 primary ion pairs
per MIP b), depositing 22 eV per pair a), ampli�ed to 32 ions in front of
�rst GEM foil d) with total chargeof 760 eV per track c). The averagetrack
length in the gasvolumeis of 3.7mm.
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Figure 16: Ionization follows the electric �eld lines. It results in spatial
quantization. a) crosssection, b) 2D model.



1 DETECTOR LAYOUT, OPTIMIZA TION AND SIMULATIONS 27

Figure 17: Simulated chargedistribution at the detector planefor singlemuon
track thrown at =eta of about 1. a) 2D charge distribution. The elongated
shape is dueto the anglebetween the track and detector plane. Red and green
rectanglesmark the approximate shape of the R- and phi-strips. b),c) charge
projected on the R- and phi-strips.
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Figure 18: Reconstructed cluster position in R*� � (a) and � R (b) directions
from simulations including the following e�ects: strip gain variation of 3%,
strip pedestalnoise equal to 5% of MIP amplitude (MPV), GEM hexagonal
latice pitch of 140� m, transversedi�usion of primary ionization on the �rst
GEM foil of 170� m/cm of drift path, transversesmearing of charge on the
strip plane of 350 � m.
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Figure 19: Simulation of track density for min-bias Pythia eventsat
p

s =
500 GeV. a) Six GEM disks wil l be equally spaced along the beam (+Z) at
a distance of 70 to 150 cm from IP. b) and c) showexpected track density
across the surface of disk 1 and disk 6, respectively. One can expect every
trigger eventwil l consist of few piled up min-bias eventsdue to the relatively
long signal decay of the GEM detector.
Is this true? I though t the electronics has the capabilit y to say the
signal turned on in the giv en bunc h, discriminating against a signal
that was high through the full bunc h crossing. We need what ever
we say lik e this to agree with the requiremen ts.



1 DETECTOR LAYOUT, OPTIMIZA TION AND SIMULATIONS 30

Figure 20: Simulation of hit occupancy per strip for min-bias Pythia events
at

p
s = 500 GeV. a) for R-strips assumingpitch of 600/400� m for the

inner/outer ring, as shown schematically in b). c) for � -strips assuming
400� pitch as shownin d).
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Figure 21: Crosssection of Endcap lowerhalf. e/h discrimination wil l rely on
measured longitudinal and transversepro�le of the EM and hadronic showers.
Plot showsshowerfrom few GeV electron.
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Figure 22: Ratio of the energy of various STAR EEMC calorimeter elements
to the total energy. The ratios are shownfrom top to bottom for both pre-
showerenergiesseparately, the shower-maximumU and V energies,the tower
energy and the post showerenergy. The red line refers to the caseof a single
10GeV chargepion whereas the blackline refers to the responseof a 10GeV
electron. The di�er ence in the showerdevelopmentfrom pions compared to
electrons is clearly visible in thesedistributions.



1 DETECTOR LAYOUT, OPTIMIZA TION AND SIMULATIONS 33

Figure 23: An exampleof Endcap based electron identi�c ation algorithm suc-
cessfully applied to real p+p events collected by STAR in 2006 run. For
subsetof tracks with � < 1.5 reconstructed in TPC one can independently
separate electrons from MIPs by means of dE/dx in TPC and the ratio of
reconstructed EMC energy. over TPC momentum
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Figure 24: pT distribution for charged hadrons from a PYTHIA MC sample
including detector e�ects in comparison to a PYTHIA MC sampleof electrons
from W events. A drastic reduction in background can be achieved while
retaining most of the W signal eventsby requiring an isolation criteria and
a missing pT cut. Thesetwo criteria together with an E=p cut wil l allow a
reduction of background over signal at the levelof 102.


