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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 atime projection
chamber which provides tracking and momertum analysisof charged parti-
cles. Figure 1 shavs a crosssection of 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 represeted by the hor-
izontal blue bar near the top of the gure and the Endcap Electromagnetic
Calorimeter (EEMC) is represeted by the vertical blue bar at the right.

In orderto illustrate the di culties presened by forward tracking with the
current STAR detector asshowvn in the upper portion of Fig. 1 cortains the
simulated tracks of 3 electronsthrown in the direction of the endcapwith a
vertex at the certer of the interaction region. The Time Projection Chamber
(TPC) readoutmeasureqgr, ) points vs. time in front of the EEMC which is
at the right of the gure. Assuminga minimum of 5 hits are requiredto nd
tracks the useful tracking volume of the TPC is shovn by a heary 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 excellet tracking information for it. The other tracks
beyond this lose hits until near eta=1.5 they have lessthan the required 5
hits. The interaction diamond at STAR will extend 30 cm ead side of the
cenrter. For verticescloserthan certer 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 pr>20GeV electronsand positrons resulting
from W and W* decg. Additional tracking in the forward direction is
clearly requiredto to provide chargeseparationfor the full acceptanceof the
EEMC and vertex distribution.

Shawvn alongthe beamline in Fig. 1isthe Forward GEM Tracker (FGT),
6 disks along the beamline, optimized to provide su cient tracking for the
W program. The geometry has beenchosenas part of an integrated track-
ing upgradefor the STAR experimert, the other componen of which is an
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certral tracking systemcoveredby a separateproposalf?].need new ref to
central trac king prop osal This systemfor 1< < +1 iscongured as
silicon barrels around the interaction point, consistingof two layers of the
Heavy Flavor Tracker (HFT) servingasa -vertex detector, 2 layers of the
Intermediate Silicon Tracker (IST) and onelayer of the existing Silicon Strip
Detector (SSD).

While this certral tracking cortributes to tracking resolution near =1,
particularly for verticesleft of certer 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
1-6in ead of the panelsof Figure 1. Tracks of electronswith E+ of 40GeV
are overlayed for three di erent  values(1:0; 1.5; 2:0), originating from three
Z vertex locationsat  30cm, 0cmand +30 cmto illustrate how the di erent
tracking componerts cortribute for di erent vertex locations.

Se\eral options basedon disk and barrel arrangemets including forward
silcon disks have been studied. The proposed optimal con guration was
chosenasit e ectively addresseshe acceptancdassueswhile providing a cost
e ectiv e solution basedonly on GEM technology In the nal con guration
the proposedinner fast tracking system(IST and SSD)will provide essetial
precisehit information supplemmeting TPC hits to constrain high-py tracks
for part of the vertex distribtuion. This underlinesthe importance of those
inner tracking elementsalso for the future W physicsprogram. It may be
more imp ortant to point out that we can run without the central
trac king by adjusting the GEM positions in early years Howewer,
simulations show that the 6 GEM disks can be redistributed to cover most
of the solid angle on their own for early yearsbeforethe certral tracking is
complete.

GEM technology is widely employed by current and future experimerts
in nuclearand particle physics. A SBIR proposal (Phasel 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 systemsare basedon the
APV25-S1readoutchip which hasbeenextensiwely testedfor the CMS silicon
tracker and is alsousedby 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-weigh materialsto limit the amourt of dead
material in the forward direction. It alsoprovidesthe possibility to decouple
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Figure 1: a) Simulated EM showerfor electrons with E+ of 40 GeV thrown
from nominal Z=0 vertexlocation is overlaid for 3 seleted 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 crosse
by electron tracksthrown from Z vertex of -30 and +30 cm, respctively, at
the same3 eta directions.

the inner and forward tracking systemfrom a medanical perspectivels this
technical information that should go somewhere else? Seemsto be
plopp ed here as an orphan
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In the following we will summarizethe requiremerts for a forward tracking
system as dictated by the future STAR W physics program, preser simu-
lations showing that the proposedtracking systemfull lls the charge sign
determinatin tracking needsof the program, and nally presen beginning
simulations on electron/hadron discrimination.

1.2 Requiremen ts

General The FGT senesthe W -physicsspin program at 500GeV certer-
of-massenergy in p+p collisions. Optimization for operation in a high-
multiplicit y environment asrequiredfor a relativistic-heavy ion program has
not beenconsideredto be a stringert requiremert 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 serne as a badkground radiator, and
when in the acceptancecausemultiple scattering and photon and electron
showering that will compromisethe physics STAR's physics programs. Ma-
terial should be minimized and kept out of the the solid angle to the full
extert possible.

Charge discrimination Identi cation of the electronsand positronsfrom
W decy is certral to the measuremets asdescrilkedin the previoussection.
The forward tracking upgradesystemalongwith existing STAR componerts
and the inner tracking systemmust provide high e ciency chargeseparation
out to =2 for the full vertex distribution.

e/h separation The suppressiorof hadronic badkground will be essetial.
This will be basedon isolation cuts around the deca electron, vetoing of
hadronic badkgroundsbasedon detection of the away side jet and the usage
of the various EEMC readout elemeits (Pre- and post-shaver layers, total
energyand shover-maximum detector) to provide an e ective meansfor e/h
separationthrough transverseand longitudinal shaver shape discrimination.



Figure 2: Comparison of RHICBOS and PYTHIA simulation resultsfor the
pr spectra of e (left column) and €* (right column) with no  cut, a cut on
the forward acceptane of 1 < < 2 anda cut at mid-rapidity of 1< < 1.
The lower pr region is more enhan&d for forward rapidities in comparison
to the mid-rapidity region.

Rate capabilit y The FGT shouldbe ableto handlethe full RHIC-11 peak
luminosity of 4 10°cm 2s ! at a certer-of-massenergyof 500 GeV 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 endcapregion. The FGT
should be able to resolwe individual beam bunches, and granularity should
be ne enoughto avoid pileup problemsin tracking the high pr 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 be compatiblewith the STAR DAQ1000
upgrade,i.e. nominally deadtimelessat 1000Hzacceptedeert rate.

Trigger In addition, to accomplishthe physicsgoals,STAR must e cien tly
trigger on relevant high pr electronand positron ewverts. There are already
well deweloped techniquesin STAR for high tower, and tower patch triggers,
and this program doesnot imposeany additional requiremerts beyond what
has already becomeroutine.

1.3 Simulation results

A number of simulations have beenperformedin dewlopmen of the FGT
design. First we presen simulations usedto optimize the overall FGT geom-
etry, number and location of planes,to assurehigh chargesigndiscrimination
e ciency. Theseare followed by simulations to optimize the internal segmen-
tation of readoutstrips for occupancyconcerns.Wethen descrike simulations
of charge collection in the GEM chambers which will evertually be usedfor
deweloping tracking and vertex ndian algorithms in the full multiparticle
pileup environmert expectedin real events. Finally we presen our initial
studiesof e/h discrimination.

e =€ separation Distinguishingthe signofthe e sande" sfrom W decy
is very challenging even with excellen tracking. The transversemomenum
and energy for these are shovn in Fig.[?]. As the e s and €*s point more
toward the forward direction, =2, they not only losehit points in the TPC,
they traverselessof the solenoidalmagnetic eld and their momerta point
more alongthe eld. Figure 4 showvsthat many of the tracks deviate from a
straight line, as measuredby the sagitta, by lessthan 1mm.



Figure 3. Transversemomentumand total enelgy of electrons and positrons
in W production in the STAR EEMC acceptane region. A measurement of
Et in the STAR EEMC with an accuracy of a few percent will be possible.
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Figure 4 shaws the value of sagitta in mm as a function of pr and for
the forward upgradecon guration with the rst hit at the evert vertex and
the last at the location of the STAR EEMC showver-maximum detector. The
correlation is shovn for a sampleof everts generated at in pr (5 < pr <
40GeV/c) and (1< < 2). The forward tracking systemin conbination
with existing STAR detector componerts hasto be able to provide charge
signdiscrimination with high e ciency for e =€" for sagitta valuesaslow as
0:2mm at the highestpr (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 elemens and their Gaussianerrorswill be referredto asthe HELIX MC
model. This simple model ignoresthe impact of dead material. This ap-
proach was chosento provide a quick turn-around of acceptancestudiesfor
varying detectorcon gurations. At high pr, asis the casefor the W program,
multiple scatteringis expectedto play a minimal role sothis appraximation
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 grainedshonver maximim detector
in the EEMC (ESMD), and a transversevertex constrairt derived from the
meanbeamlocation. The hit points predicted by GEANT are smearedwith
Gaussiandistributions as descriked in Table [?] and weights are assigned
accordingly It hasbeenshawn 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
prevert a reliable reconstruction of short track segmets and the 5-point
seedis the nominal value usedin the current TPC reconstruction software.
Reconstructedtracks are requiredto cortain a minimum of 5 hits, including
the vertex.

In de ning the vertex constrairt it is important to considerthat one
expectsthat W-events will contain very few primary tracks at mid rapidity.
Figures5 and 6 show the pr and multiplicit y distribution of pionsand kaons
from a PYTHIA W ewernt simulation. Often only the electron/positron from
W decy will be detectablefor 1 < < 2. Hencein many eweris it is
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Sagitta (mm) >

Figure 4: Sagittain mm as a function of pr 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 sampleof eventsgeneated at in pr (5 < pr < 40GeV/c) and
(1< < 2.

likely onewill not be able to reconstruct the primary vertex position on an
ewert-by-event basisbeforethe electrontrack itself is found. The following
simulation result will not assumeareconstructedevent vertex onan evert-by-
ewvert basis. Instead we make useof a transversebeam-lineconstrairt. Both
colliding beamsare well focusedwith a pro le of the interaction diamond
in both transverse directions of about 250 m at 200GeV certer-of-mass
energy It is expectedthat the transversebeamsizewill be further reduced
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p

Figure 5: PYTHIA prediction of hadmon pr for = s = 500GeV W production

in p+p collisions.

by a factor P 2:5 at 500GeV certer-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 constrairt 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 transversebeam sizehasbeenewaluated asa minor e ect and will be
discussedbelon. The expected longitudinal sizeof the interaction diamond
will be of at least 30 cm. Thereforein the simulation the Z vertex location
of thrown electronshas beeninitialy xed to 3 valuesof 30cm, Ocm and
+30 cm and subsequetly smearedin reconstruction with a Gaussiansigma
of 30cm. Optimization of FGT performancefor extendedvertex %iamond is
essetial consideringthe small cross-sectiorfor W production at © s = 500.
The helix t consistsof two consecutie steps. First 2D circle parameters
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Figure 6: PYTHIA prediction of hadron multiplicity spectra for p§ =
500GeV W production in p+p collisions. A cut of pr > 0:5GeV/c and
2< < 2 hashbeenimposal on every nal state hadron.

[ Detector | Resolution | Remarks |
Vertex 200 min X;Y Added as hit
IST1 20 minr
IST2 500 minr
SSD 20 minr
TPC Jan need numbers
hline FGT 60 min X;Y 6 disks
EEMC SMD 1:5mmin X;Y

Table 1: Sigmaof Gaussiansmaearing applied to hits from various detectors
before helix was reconstructed.

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

parametersare X o, Yo of the certer of the circle and its radius R. Next the
straight line 2D t is performedin the R,, Z plane using (Xo; Yo) from
the circle t. The reconstructedtrack is declaredas valid if the deviation
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betweenthe original (thrown) and reconstructedmomertum direction at the
primary vertex deviateslessthan 3mrad in theta and phi directions. This cut
translatesto a displacemen of about 1cm of projected track at the ESMD
plane. Finally, the sign of the chargeof the reconstructedtrack is determined
basedon the sign of the curvature of the circle t.

a) ZVertex=-30cm b) Z Vertex =0 cm c) ZVertex = + 30 cm
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Figure 8: Correlation of Ry, the radius of hits in the detectors,vs. pseudoa-
pidity of thrown tracksfor 3 di er ent vertex locations of a) -30 cm, b) 0, c)
+30 cm. The TPC hits are shownas blue hits segrating the inner and outer
pad rows. The gapin between is pad row 13 which has been excludel. 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,R,, vs. for a xed Z
vertex location at 0cm, 30cm, and +30cm. The TPC hits are shovn as
blue hits separatingthe inner and outer pad rows. The gapin-betweenrefers
to pad row 13 which has beenexcluded. The red hits refer to the STAR
EEMC showver-maximum detector hit. For Z = 30cm (Figure ?7?), the
SSDand IST1,2 cover almostthe full rangefor 1< < 2. The hit location
of the FGT is showvn in magera, which coversin particular the region for

> 1:5. The FGT becomesmore important at Z = 0 and is essetial for
Z = +30cm.

Figures (Figure 9-13) shav simulation results of the track reconstruction
e ciency and charge sign discrimination probability for single tracks gener-
ated at in and with py = 30GeV/c. Simulations were made separately
for three Z vertex locations at 30cm, Ocm and +30cm. 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) asin a) but adding the EEMC
SMD (Con guration F); c¢) asin b) and including the FGT, SSDand IST
(Con guration A). The TPC only caseshows a cleardrop 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 apparert.

Instrumenting STAR with 6 FGT disks as well as with the IST1,2 and
SSDwill improve signi cantly our ability ro reconstruct e cien tly the sign
of electron or positron from W decg. Figure 11 shows in the left column
the track reconstruction e ciency determinedasthe ratio of the number of
reconstructed tracks irrespective of the correct charge sign to the number
of generatedtracks. The right column shows the charge sign discrimination
probability. A magera vertical line marks the nominal limit of EMC cover-
agein . A magerna horizontal line marksintended80%e cieny level. The
top row shows the optimized caseof six FGT triple-GEM diskstogetherwith
other tracking elemens descrited above (Con guration A). Good track re-
constructione ciency and chargesigndiscrimination probability is obtained.
The bottom row refersto the caseof usingonly 4 triple-GEM disks (Con g-
uration D). The performancedegradesin particular for valuescloserto 2
at Z > 0. Sud a con guration would be the absoluteminimum without any
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Figure 9: Charge sign discrimination prokability (ratio of the numker of re-
constructed trackswith correctly reconstructed chargesign divided by the num-
ber of geneated tracks) for a) TPC +vertex only, b) TPC +vertex+ EEMC
SMD, c) all in b) plusthe FGT, SSD, and IST.

redundancy Any further reduction of triple-GEM disksleadsto a signi cant
degradationin performance.

Figure 12 shaws the dependenceof track reconstruction e ciency and
chargediscrimination probability on the FGT resolution from 60to 120 m
(Con guration Al, A2, A3). The obsened changefrom 80 m to 120 m
is modest. A hit accuracyof 90 m for triple-GEM detectors has been
already demonstratedin preliminary analysis of the test beam data taken
at FermiLab in May of 2007,as shovn in g. 10. We intend to use better
calibration and cluster nder algorithm to further improve resolution down
to 70 m. Triple-GEM technology thus satis es the requiremerts for forward
tracking in STAR with a comfortable margin.
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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 usel. 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 one detector hasthe sigmaof the
distribution divided by Sqrt(2). Here this correspndsto atout 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 assaiated to the transversebeam size from
500 mto 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. ewen in caseof a poor vertex
constrairt, the chargesigndiscrimination probability is still reasonable.The
bottom row in Figure 13 shows the variation due to a GaussianZ vertex
distribution with a sigmaof 30cmontop of X = Y = 200m asdescribed
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Figure 11: Track reconstruction e ciency determined as the ratio of the
numker of reconstructed tracksirr espective of the correct charge sign to the
numker of genented tracksshownon the left column. The right column shows
the charmge sign discrimination prokability. The top panel showsthe case of
for six FGT triple-GEM diskstogetherwith other trackingelementsdescrited
alove. The bottom panel refersto the caseof using only 4 triple-GEM disks.

above (Con guration A6). This result is consistem 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-pr tracks in the STAR EEMC
acceptanceregion. It has beenshavn 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 shover-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 Vix X = Y = 200m
Al 80 m
A2 100 m
A3 120 m
A4 Default Vix X = Y = 500m
A5 Default Vix X = Y = 1000m
A6 Default Vix Z = 30cm
D 4 disks
F no
G no no EEMC SMD hit

Table 2: Simulation con guration. The defaultis 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 discussedn 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 seeral stages

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

conversionof ionization left in the gasvolume beforethe rst GEM foil
into primary and secondaryionization pairs,

ampli cation and di usion of the charge cloud before it reades the
readout strips behind the 3rd GEM faill,

charge collection by two orthogonal planes of strips, addition of gain
variation and pedestalnoise
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one-dimensionakeconstruction of clustersin eat 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 whereone must disertangle 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 Geart 3
and will not be discussedurther. The last item on tracking is just beginning
having becomepossiblewith the advancespresetted in this section.

Fig. 14 shavs 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 readhesthe rst GEM foil. Charge follows the electric eld
linesand its position getsquartized on the hexagonalgrid holesin the GEM
foil and further diused. Finally, amplied charge passeghe 3rd GEM foil
and is collected by a handful of strips in ead plane. The so called GEM
'slow simulator' simulates this process.

Basedon earlier studies Ref[ Frank??] we have chosenreasonablevalues
simulating responseof the active gasvolume of the FGT to a MIP track, as
shovn in g. 15. In Fig. 16 we display sthematically the quartization of the
chargelocalization ampli ed by the hexagonalgrid of holesin the GEM foil.
In the simulations we have assumecdhole spacingof 140 m. Next, the charge
distribution is folded with a 2D Gaussianhaving =350 m and projected
onto 2 orthogonal setsof strips asshovn in g. 17. Basedon this simulation
one expects a cluster width of seweral 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
residualsareshovn in g. 18. Basedon thesesimulations we are expecting to
reconstruct clustersin the -direction with an accuracyof 40 m and in the
R-direction with an accuracyof 120 m. Both valuesexceedhe assumptions
usedin our study of pr resolution discussedin an earlier section. These
results may degradesomewhatonce more 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 model of the strip layout, shovnin g. 20b,d,
assumesR-strips (pitch of 400/600um) for R belowv/above 15cmand -strip
(pitch of 400um) at the longer edge. We have usedin this study min-bias
Pythia everts at = 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 ewernt will produceon averagel-2 tracks per
GEM disk, most likely closeto its inner edge. We decidedto subdivide
eat GEM quadrart in to 4 sub-sectionsmaking the inner sectionsmallerto
equalizehit probability. This way we minimize likelihood of multiple tracks
crossingoverlapping - and R-strips, which leadsto ambiguities in resolving
the 2D cluster position. We ewenually plan to use 3D information from
multiple GEM disk to resole sud ambiguities. Basedon the sameminBias
Pythia ewents we concludedmost of the strips will be crossedby one track
per 1000 everts. Only R-strips closeto the inner diameter will seemore
tracks.

Note, thosestudiesdo not involvethe FGT slow simulator discussedbove
and are basedonly on GEANT tracks crossinggeometricalstrip boundaries.
In reality ead track will result in a cloud of chargedetectedby se\eral strips.
Furthermore, one should also accour for relatively long time response of
the GEM detector of few hundred ns. This will result with sizable pileup
of minBias ewerts from later bunch crossings,colliding every 107 ns. It is
reasonablgo assumestrip occupancycould be 10times worsethan reported
here and requiresfurther study.

e/h separation The dicult y of our task for e/h discrimination is illus-
trated in Figure 24. Here we show the pr distributions for charged hadrons
from a PYTHIA MC samplein comparisonto a PYTHIA MC sample of
electronsfrom W ewerts. Even at the peak of the W deca distribution
near pt = 40 GeV there are 300times more hadronsthan electrons. The
situation clearly getsworsewith lower pr. Figure 24 alsodemonstratesthat
adrastic reductionin badkground can be achieved while retaining most of the
W signal events by requiring isolation cuts and a \missing pt" cut (actually
a veto on energyopposite the electron candidatein ), and at 40 GeV these
appearnearly su cien t. Note that the hadronsare plotted at their actual pr
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 badground over signal at a level of 10°.

Additional gainsare expectedfrom cuts on energydeposition vs. depth
in the calorimeterbasedon quartities shown in Figure 22, and will be needed
to presene suitable signal to badkground ratios at lower pr where increas-
ing hadronic badkground 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 sud a trigger already suppressesadronic
badkground.

The STAR EEMC provides a powerful set of individual calorimeter el-
emers for e cient e/h discrimination through transverseand longitudinal
shower shape discrimination. Thesewill be neededo presene suitable signal
to badkground ratios at lower pr whereincreasinghadronic badkground can
dominatethe electron/positron signalwe seek. Figure 21 shovstypical shav-
ersfor 30 GeV electronsand hadrons. Electronsform a nice showver cortained
in a Moliere radius beginningat the rst layersof the calorimeterbuilding to
a large number of particles at the shaver maximum detector and dieing out
for the most part by the badk of the calorimeter. The calorimeteris only one
hadron interaction length thick, so hadrons can passdirectly through only
depositing dE/dx in the scirtillator. When the do interact hadronically a
large di use shaower is producedand signi cant energyleavesthe rear of the
calorimeter.

Shavn in g 21 are the subsystemsin the EEMC included speci cally
for particle ID. Those are EEMC pre-shaver layers, the shover maximum
detector, the individual calorimetertowersand the post-shaver layer. Figure
22 shavs important discriminating signalsfrom these subsystems.The red
line refersto simulation of a single pr = 30GeV charged pion whereasthe
bladck line refersto the responseof a pt = 30GeV electron. At the upper left
oneseeghat very few pions deposit near their full energyin the EEMC. At
the upper right one seeshat when the hadronspassasa minimum ionizing
particle they deposit all their energyin one tower. Thesewill be triggered
only by someother assaiated particle. When they do interact they spread
their energyamong towers more than the electronswhich put little energy
outsidetwo neighboring towers. The middle row shavs the energydeposition
in the two pre-shaver and the post-shaver layer. The electronsdeposit more
energythan hadronsin the pre-shaver layers and the most violent hadron
interactions deposit more energyasthe shaver leavesthe rear of the EEMC.
In the bottom row we seethat the SMD layersreciee recieve a much higher
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energydeposition from electronsthan the typical hadron and the width of the
electronshower is more focusedthan hadronsthat shaver. Theseproperties
of the EEMC have beenusedto nd much lower energysamplesof electrons
from real p+p ewents acquiredby STAR in the 2006run asshovn in g. 23
and are shaovn hereasa proof of principle.

Considerably more simulation work is still to be done. Slow simulators
of the GEM responsemust be completedand usedwith tracking and vertex
nding algorithmsin arealistic muli-particle ervironmert. In addition full W
ewvert simulations must be comparedto full hadronic QCD ewert simulations
with our full array of e/h discrimination techniquesto ewaluate how low we
canread in pr while having a reasonablesignalto badkground ratio.
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Figure 12: Study of signicance of assuméd 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 uence 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 prokability
(right column).
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Figure 14: Crosssection of the GEM detector prototype.

Figure 15: Summary of gasionization madel usal to descrile active GEM
gasvolumeresmnseto a MIP. On averagewe will have14 primary ion pairs
per MIP b), demsiting 22 eV per pair a), amplied to 32 ions in front of
rst GEM foil d) with total chargeof 760eV per track c). The averagetrack
lengthin the gasvolumeis of 3.7mm.
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Figure 16: lonization follows the electric eld lines. It resultsin smatial
guantization. a) crosssection, b) 2D madel.



1 DETECTOR LAYOUT, OPTIMIZATION AND SIMULATIONS 27

Figure 17: Simulated chargedistribution at the detector planefor singlemuon
track thrown at =eta of alout 1. a) 2D chamge distribution. The elongatel
shape is dueto the anglebetween the track and detector plane. Red and green
rectanglesmark the approximate shage of the R- and phi-strips. b),c) chamge
projected on the R- and phi-strips.



1 DETECTOR LAYOUT, OPTIMIZATION AND SIMULATIONS 28

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 pedestal noise 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, transversesmeaaring 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 diskswill ke equally spaced along the beam (+Z) at
a distanee of 70 to 150 cm from IP. b) and c) showexpected track density
acrossthe surface of disk 1 and disk 6, respctively. One can expect every
trigger eventwill consist of few piled up min-bias eventsdueto the relatively
long signal decay of the GEM detector.

Is this true? | though t the electronics has the capabilit y to say the

signal turned on in the given bunch, discriminating against a signal

that was high through the full bunch crossing. We need what ever
we say lik e this to agree with the requiremen ts.
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Figblre 20: Simulation of hit occupancy per strip for min-bias Pythia events
at = s = 500 GeV. a) for R-strips assumingpitch of 600/400 m for the
inner/outer ring, as shownschematially in b). c) for -strips assuming
400 pitch as shownin d).
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Figure 21: Crosssection of Endcap lower half. e/h discrimination will 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 enegy of various STAR EEMC calorimeter elements
to the total enegy. The ratios are shownfrom top to bottom for both pre-
showerenegiesseprately, the shower-maximumJ and V enewgies,the tower
enegy and the post showerenemgy. The red line refersto the caseof a single
10GeV charge pion wheeas the blackline refersto the respnseof a 10GeV

electron. The di er enee in the showerdevelopmentirom pions compared to

electrons is clearly visible in thesedistributions.
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Figure 23: An exampleof Endcap baseal electron identi ¢ ation algorithm suc-
cessfuly applied to real p+p events collected by STAR in 2006 run. For
subsetof trackswith < 1.5 reconstructed in TPC one can independently
seprate electrons from MIPs by means of dE/dx in TPC and the ratio of
reconstructed EMC enegy. over TPC momentum
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Figure 24: py distribution for chamgel hadrons from a PYTHIA MC sample
including detector e ectsin comparisonto a PYTHIA MC sampleof electrons
from W events. A drastic reduction in backgiound can be achievel while
retaining most of the W signal eventsby requiring an isolation criteria and
a missing pr cut. Thesetwo criteria togetherwith an E=p cut will allow a

reduction of backgound over signal at the level of 10%.



