1STAR NOTE #185Energy Loss Simulations for the STARTPCJeffery T. Mitchell(Lawrence Berkeley Laboratory)andKesheng Chan(University of Texas)10/31/94

2I. INTRODUCTIONParticle identification in the STAR TPC will be realized by examining the energy lostper unit length of a reconstructed track along with its momentum. In order to performrealistic physics simulations of identified particles in the TPC, it is important that theenergy loss for a track is properly represented in the simulation. This document willdescribe in detail the methods used in the calculation of the dE/dx value for a track inthe STAR analysis chain. The basics of this calculation and how it will be applied toparticle identification will be described in Section 2.The process begins with GEANT, which delivers an energy loss value for each padcrossing in the TPC. A brief description of the algorithms used by GEANT to calculatethis energy loss is included in Section 3. A comparison of the GEANT (versions 3.15 and3.21) energy loss to each other and to data will be presented in Sections 4 and 5. A TASexecutable can process the information output by GEANT. First, the mct (Monte Carlo-to-Tables) module is run to copy the GEANT banks into TAS tables. The TPC FastSimulator (tfs) converts these into hits taking into account the diffusion and electronicsresponse of the detector [1]. The tfs output is fed into the TPC Tracking code (tpt) whichgroups the hits into tracks. Finally, the tpt output tracks are fed into the TPC DE/dx(tde) module. This module calculates the dE/dx value for each reconstructed track. Thecalculations performed in tde are described in Section 6. A user�s guide to tde isincluded in Section 7. The output of the tde module can be used to identify particles. Afirst look at this output is shown in Section 8.II. ENERGY LOSS FUNDAMENTALSWhen charged particles traverse the TPC gas volume, they will lose a certainamount of energy. The primary contribution to this energy loss is inelastic collisions ofthe incident particles with the atomic electrons of the gas. Other contributions includeelastic collisions, Cerenkov radiation, bremsstrahlung, etc. In addition, the inelasticcollisions can be divided into soft collisions, whereby the gas atom involved in thecollision becomes excited, or hard collisions, whereby the atom is ionized and delta-electrons are produced via secondary ionization. The mean differential energy loss perunit distance can be calculated for particles whose mass is much larger then the electronmass using the Bethe-Bloch formula: 3

dEdx = 4πe4z2NZ

mβ 2c2 • ln 2mβ 2c2 I 1 − β 2 ( ) − β 2 (1)ωηερε ε ισ τηε υνιτ χηαργε, ζ ισ τηε χηαργε οϕ τηε ινχιδεντ παρτιχλε, Ν ισ τηε νυμβερ οϕγασ ατομσ περ υνιτ ϖολυμε, Ζ ισ τηε ατομιχ νυμβερ οϕ τηε γασ, μ ισ τηε ελεχτρον μασσ, βδεσχριβεσ τηε ϖελοχιτψ οϕ τηε παρτιχλε, ανδ Ι ισ τηε μεαν ιονιζατιον ποτεντιαλ (ωηιχη ισπροπορτιοναλ το Ζ) ϕορ τηε γασ. Μορε δεταιλσ ον τηισ τοπιχ χαν βε ϕουνδ ελσεωηερε [2].Τηε ΤΠΧ, αλονγ ωιτη τηε προπορτιοναλ χουντερ δατα ινχλυδεδ ιν τηισ νοτε, σαμπλετηε ενεργψ λοστ βψ τηε παρτιχλε ατ διϕϕερεντ ποιντσ αλονγ ιτσ τραφεχτορψ. Αν εξαμπλε οϕ τηεδιστριβυτιον οϕ τηεσε σαμπλεσ, ωηιχη χαν βε δεσχριβεδ βψ ωηατ ισ χαλλεδ α στραγγλινγϕυνχτιον, χαν βε ϕουνδ ιν Φιγυρε 1. Ασ στατεδ βψ Αλλισον ανδ Χοββ [2], τηισ διστριβυτιον,ωηεν μεασυρεδ βψ α γασ δετεχτορ, ινδιρεχτλψ δεσχριβεσ τηε προβαβιλιτψ οϕ αν ενεργψ λοσσωηεν τηε παρτιχλε πασσεσ τηρουγη τηε σαμπλινγ ρεγιον. Τηε αχτυαλ μεασυρεμεντ ισινδιρεχτ σινχε ωηατ ισ μεασυρεδ ισ τηε νυμβερ οϕ ιονιζατιον ελεχτρονσ ιν τηε γασ ρατηερτηαν τηε ενεργψ λοσσ ιτσελϕ. Τηε ρεσυλτινγ διστριβυτιον χαν βε δεσχριβεδ βψ α Λανδαυδιστριβυτιον. Ασ ϕιγυρε 1 σηοωσ, τηερε ισ α διϕϕερενχε βετωεεν τηε μοστ προβαβλε ενεργψλοσσ ανδ τηε μεαν ενεργψ λοσσ. Ιν τηε ΤΠΧ σιμυλατιονσ, τηε μοστ προβαβλε ϖαλυε ωιλλ βεεξτραχτεδ. Τηισ εξτραχτιον ισ περϕορμεδ βψ ελιμινατινγ α περχενταγε (υσυαλλψ 20−60%) οϕτηε ηιτσ ωιτη τηε ηιγηεστ δΕ/δξ ϖαλυεσ. Τηισ, ιν εϕϕεχτ, ελιμινατεσ τηε ταιλ οϕ τηε Λανδαυδιστριβυτιον, ανδ ωηατ ρεμαινσ ισ αππροξιματελψ α Γαυσσιαν διστριβυτιον ϕρομ ωηιχη τηεμοστ προβαβλε ϖαλυε χαν βε οβταινεδ.ΙΙΙ. ΔΕΣΧΡΙΠΤΙΟΝ ΟΦ ΓΕΑΝΤ ΑΛΓΟΡΙΤΗΜΣΤηε ενεργψ λοσσ σιμυλατιον ϕορ τηε ΣΤΑΡ ΤΠΧ ρελιεσ υπον τηε ενεργψ λοσσ ϖαλυεσχαλχυλατεδ βψ ΓΕΑΝΤ. Τηισ σεχτιον ωιλλ χονχεντρατε ον ΓΕΑΝΤ βψ βριεϕλψ δεσχριβινγ τηεαλγοριτημσ αϖαιλαβλε ιν βοτη ϖερσιονσ 3.15 ανδ 3.21. Α χομπαρισον οϕ τηειρ ουτπυτσ ωιλλβε σηοων ιν τηε νεξτ σεχτιον. Τηισ σεχτιον παραπηρασεσ ωηατ χαν βε ϕουνδ ιν τηε ΓΕΑΝΤμανυαλ [3].Τηερε αρε τηρεε ρυννινγ μοδεσ ϕορ βοτη ϖερσιονσ οϕ ΓΕΑΝΤ τηατ ωιλλ βεδεσχριβεδ ηερε. Τηεσε μοδεσ αρε χοντρολλεδ βψ τηε πηψσιχσ ϖαριαβλεσ ΙΛΟΣΣ, ΙΔΡΑΨ, ανδΙΣΤΡΑ. Τηε ϖαριαβλε ΙΔΡΑΨ χοντρολσ τηε προδυχτιον οϕ δελτα ραψσ. Σεττινγ ΙΔΡΑΨ τοζερο δεαχτιϖατεσ δελτα ραψ προδυχτιον, ΙΔΡΑΨ=1 προδυχεσ δελτα−ραψσ αλονγ ωιτηελεχτρον γενερατιον, ΙΔΡΑΨ=2 προδυχεσ δελτα−ραψσ ωιτηουτ ελεχτρον γενερατιον. 4Φιγυρε 1: Τηε Λανδαυ διστριβυτιον οϕ τηε ενεργψ λοσσ σαμπλεσανδ ρελατεδ δεϕινιτιονσ.ΙΛΟΣΣ χοντρολσ τηε ενεργψ λοσσ ϕλυχτυατιον μοδελ ασ ϕολλοωσ:ΙΛΟΣΣ = 0: Νο ενεργψ λοσσ.ΓΕΑΝΤ 3.15, ΙΛΟΣΣ = 1 ορ 3:Δελτα ραψσ αρε προδυχεδ αβοϖε τηε δελτα−ραψ ενεργψ τηρεσηολδ. Ρεδυχεδ ϕλυχτυατιονσ ϕρομ δελτα−ραψσ βελοω τηε τηρεσηολδ αρεαδδεδ το τηε ενεργψ λοσσ.ΓΕΑΝΤ 3.21, ΙΛΟΣΣ = 1 ορ 3:Χοντινυουσ ενεργψ λοσσ ωιτη γενερατιον οϕ δελτα−ραψσ αβοϖε τηε ϖαλυε οϕΔΧΥΤΕ ανδ ρεστριχτεδ Λανδαυ ϕλυχτυατιονσ βελοω ΔΧΥΤΕ.ΓΕΑΝΤ 3.15, ΙΛΟΣΣ = 2: νο δελτα−ραψσ αρε προδυχεδ, βυτ χομπλετε ϕλυχτυατιονσαρε χαλχυλατεδ. 5ΓΕΑΝΤ 3.21, ΙΛΟΣΣ = 2: χοντινυουσ ενεργψ λοσσ ωιτηουτ γενερατιον οϕ δελτα−ραψσανδ ϕυλλ Λανδαυ−ςαλιϖοϖ−Γαυσσ ϕλυχτυατιονσ. Ιν τηισ χασε, τηε ϖαριαβλεΙΔΡΑΨ ισ ϕορχεδ το ζερο το αϖοιδ δουβλε χουντινγ ϕλυχτυατιονσ.ΙΛΟΣΣ = 4: Νο ϕλυχτυατιονσ αρε χαλχυλατεδ.Τηε ενεργψ λοσσ μοδελ ισ χηοσεν τηρουγη τηε ϖαριαβλε ΙΣΤΡΑ. Ωηιχη μοδελσ αρε σελεχτεδϕορ διϕϕερεντ ϖαλυεσ οϕ ΙΣΤΡΑ αρε ουτλινεδ βελοω. Τηεσε μοδελσ ωιλλ βε δεσχριβεδ λατερ.ΓΕΑΝΤ υσεσ διϕϕερεντ μοδελσ ιν διϕϕερεντ σιτυατιονσ, ιν χασε ψου ωερεν∏τχονϕυσεδ ψετ. Τηεσε σιτυατιονσ αρε σεπαρατεδ ιν τερμσ οϕ Δ, ωηιχη ισ τηε νυμβερ οϕ λοω−ενεργψ χολλισιονσ οϕ τηε παρτιχλε ωιτηιν τηε ΓΕΑΝΤ ϖολυμε βεινγ χονσιδερεδ, ανδ ιντερμσ οϕ κ, ωηιχη ισ προπορτιοναλ το τηε ρατιο οϕ τηε μεαν ενεργψ λοσσ το τηε μαξιμυμαλλοωεδ ενεργψ τρανσϕερ ιν α σινγλε χολλισιον ωιτη αν ατομιχ ελεχτρον. Τηε μοδελσ ωιλλ βεαππλιεδ ασ ϕολλοωσ:Φορ α λαργε νυμβερ οϕ λοω−ενεργψ χολλισιονσ (Δ ≥ 50) ωιτηιν τηε ϖολυμε:Ιϕ ΙΛΟΣΣ = 1 ορ 3 ανδ ΙΔΡΑΨ = 1: Υρβ�ν μοδελ.Ιϕ ΙΛΟΣΣ = 2 ανδ ΙΔΡΑΨ = 0, τηεν ονε οϕ τηεσε τηρεε αρε αππλιεδ:κ ≤ 10−2: Λανδαυ διστριβυτιον10−2< κ ≤ 10:ςαλιϖοϖ διστριβυτιονκ > 10: Γαυσσ διστριβυτιονΦορ α σμαλλ νυμβερ οϕ λοω−ενεργψ χολλισιονσ (Δ < 50) ωιτηιν τηε ϖολυμε:Ιϕ 1≤ΙΛΟΣΣ≤3, ιρρεσπεχτιϖε οϕ τηε ΙΔΡΑΨ ϖαλυε, τηε μοδελ ισσελεχτεδ εξπλιχιτλψ βψ ΙΣΤΡΑ ασ δεσχριβεδ ηερε. Νοτε τηαττηε ΠΑΙ μοδελ ισ νοτ ιμπλεμεντεδ ιν ϖερσιον 3.15, σο τηεΥρβ�ν μοδελ ισ υσεδ ινστεαδ:30 < Δ ≤ 50: Υρβ�ν μοδελ ιϕ ΙΣΤΡΑ=0, ΠΑΙ μοδελ οτηερωισε.1 < Δ ≤ 30: Υρβ�ν μοδελ ιϕ ΙΣΤΡΑ=0, ΠΑΙ μοδελ ιϕ ΙΣΤΡΑ=1,ΑΣΗΟ μοδελ ιϕ ΙΣΤΡΑ=2. 60.01 < Δ ≤ 1: Υρβ�ν μοδελ ιϕ ΙΣΤΡΑ=0, ΠΑΙ μοδελ οτηερωισε.Δ ≤ 0.01: Υρβ�ν μοδελ ιϕ ΙΣΤΡΑ=0, ΠΑΙ μοδελ οτηερωισε.Τηε Λανδαυ διστριβυτιον, ϕ(ε,δξ) ισ γενερατεδ ϕορ α παρτιχλε οϕ μασσ μ τραϖερσινγ αματεριαλ οϕ τηιχκνεσσ δξ:

f ε,δx ( ) = 1ξ 12πi exp u lnu + λ u ( )du c− i∞ c+i∞∫(2)ωηερε χ≥0, ξ ισ τηε μεαν ενεργψ λοσσ ιν τηε ρεγιον, ανδ

λ = ε − νξ − γ' − β 2 − ln ξEmax (3).Here, g� = 0.422784 = 1 - g, g is Euler�s constant, e is the actual energy loss, u is theaverage energy loss, and Emax is the maximum allowed energy transfer in a singlecollision with an atomic electron.The Valivov model derives an accurate straggling distribution by introducing thekinematic limit on the maximum transferable energy in a single collision. For k £ 0.01,the Landau and Valivov distributions are practically identical.The Gaussian model is exactly that, a Gaussian straggling function.The Urb�n model is a more detailed and fast model used for thin volumes. Thismodel assumes that the atoms in the gas have only two energy levels with two differentbinding energies. The particle-atom interaction is then an excitation with an energy losscorresponding to one of the two binding energies, or as an ionization with an energyloss corresponding to a function, g(E), proportional to the inverse square of E. Moredetails on this model can be found in the GEANT manual.The major improvement in GEANT 3.21 over 3.15 is the implementation of thePAI, or PhotoAbsorption Ionization, model. This improvement will be demonstratedlater. The PAI model obtains the distribution of energy loss by considering the energyloss as the sum of the energy transfers in the electromagnetic interactions between theparticle and the atom using the Born approximation in the perturbation theory. Again,refer to the GEANT manual for more details.

7IV. COMPARISON OF GEANT 3.15 AND GEANT 3.21The next two sections will compare the GEANT energy loss calculations forversions 3.15 and 3.21 to each other and to some proportional counter data. In order toperform these comparisons, the NA35 GEANT [4], from which the STAR GEANT [5]was adapted, was used as the source for GEANT 3.15. The NA49 GEANT [6] was usedas the source for GEANT 3.21. In both of these versions of GEANT, the regular detectorgeometry was replaced by a simple geometry consisting of 50 boxes stacked next toeach other. Each box is 50 cm high and 50 cm wide, but the thickness will varydepending upon the comparison being made. The boxes, which are defined as sensitivevolumes, are filled with various gases and the outside of the boxes are vacuum. In thissection, all comparisons will be made with 2.3 cm thick boxes filled with 50% He and50% Ethane. This geometry is illustrated in Figure 2. The generated events will alwaysbe single particle events. The particles will always have a transverse momentum of zeroand a constant longitudinal momentum for each comparison. The particles are read intoGEANT through a text file. For each particle-box crossing, the kinematics bank and thehit bank is written to disk, from which the histograms shown are made.Figure 2: The GEANT test geometry of 50 boxes filled with gas placedwithin a vacuum cage. A 3 GeV/c proton is shown traversingthe boxes.

8Figure 3 shows a comparison of the dE/dx values returned from GEANT 3.15sampled from all 50 boxes for 1000 3 GeV/c proton events. Shown are the distributionsfrom three sets of input parameters: A) ILOSS=2, IDRAY=0, ISTRA=0, B) ILOSS=1,IDRAY=1, ISTRA=1, and C) ILOSS=1, IDRAY=1, and ISTRA=1. These input parameterswill be referred to as input A, B, or C for the remainder of this report. A couple ofobservations can immediately be made from Figure 3. First, the width of the curve frominput A is only half as wide as that of inputs B or C. Also there is a large difference inthe most probable energy loss value for the two cases. This emphasizes the differenceswhen delta-rays are used in the calculation. Also, the curves for inputs B and C areidentical since the both inputs activate the Urb�n model in this version of GEANT. Acomparison to data will be shown in the next section.Figure 4 shows the dE/dx values returned from GEANT 3.21 for the three sets ofinput parameters. GEANT 3.21 returns a much wider distribution when delta rays areturned off as compared to GEANT 3.15 due to improvements in the algorithm for thiscase. The curves for inputs B and C are still peaked slightly lower than for input A, butnot by as much as seen in GEANT 3.15. Also, there is now a difference in the input Band C curves due to the fact that curve B results from the improved Urb�n model andcurve C results from the PAI model, which has now been implemented.Figure 5 shows a direct comparison of the GEANT 3.15 and 3.21 energy lossvalues for the three input sets. Note that there are distinct differences for each case.Figure 3: Energy loss values from GEANT 3.15 for 3. GeV/c protonstraversing 2.3 cm boxes for the three input parameter sets.

9Figure 4: Energy loss values from GEANT 3.21 for 3 GeV/c protonstraversing 2.3 cm thick boxes for the three input parameter sets.V. COMPARISON OF GEANT AND DATAThis section will compare the GEANT outputs with proportional chamber datataken with different particles, different momenta, and different gases.The first comparison will be to a calibrated data set shown in a thesis by M.Shapiro [7]. This data was taken using 600 MeV/c pions traversing P10 gas at 8 atmpressure. The sample thickness is 4 cm. In each comparison shown here, the thickness ofthe boxes defined in GEANT will match the sample thickness of the data. This is a verynice data set since the energy loss has been calibrated, so the GEANT-to-datacomparison is a direct one. This comparison is shown in Figure 6. The solid lines are theGEANT outputs, and the dashed lines are the data. In each case, the number of datacounts has been scaled to match the maximum of the GEANT peak. All of the plots onthe left are comparisons to GEANT 3.15, while the plots on the right show the version3.21 outputs. The top pair of plots correspond to the input parameter set A, the middlepair are for input B, and the bottom pair for input C. All of the comparisons to data willfollow this identical format. Figure 6 illustrates that when ILOSS=2, both the width of

10the energy loss curve and the value of the most probable energy loss does not agree wellwith the data for both versions of GEANT. In fact, the GEANT 3.15 ILOSS=2 curve isonly half as wide as the data, as has been observed previously [8]. The best agreement,in both the value of the most probable energy loss and the width of the curve, with thedata occurs in the GEANT 3.21, input C case. This illustrates the improvements made inthe GEANT energy loss calculations between the releases of the two versions. Thesource of the spikes seen in the GEANT 3.21, inputs B and C plots are unknown at thistime.In the STAR TPC, we plan to use P10 gas at 1 atm pressure instead of at 8 atm.Fortunately, data does exist for this gas [9]. This data set includes both 2 GeV/celectrons and 3 GeV/c protons traversing 2.3 cm thick samples. It would be ideal toexamine particles with momenta less than 1 GeV/c, which will be the predominantparticles in the STAR TPC, but we will take what data we can get. Comparisons of theGEANT energy loss to this data are shown in Figures 7 and 8. The data is not calibratedto the absolute energy loss, but is instead given in terms of ADC counts. For thiscomparison, it is assumed that the pedestal is at channel zero in the ADCs. The data isthen scaled so that the most probable ADC value matches the most probable energy lossgiven by GEANT for each plot. Also, the peak number of counts in the data is scaled tomatch that of the GEANT outputs. Scaling in this manner, it is not possible to comparethe most probable energy loss values, but a reasonable comparison of the widths of thedistributions can be made. Figures 7 and 8 show again that the GEANT widths do notagree very well with the data when ILOSS=2. When ILOSS=1, the GEANT 3.15 widthmatches that of the data closely, but again, GEANT 3.21 does a better job.It has also been considered to use a mixture of 50% helium and 50% ethane as thegas in the STAR TPC. Again, data is available for comparison for this gas [10]. This dataset uses 4 GeV/c pions traversing sample thicknesses of 1.5 cm. Again, this data is givenin terms of ADC counts, so scaling has been applied as described above. Thecomparisons of this data to the GEANT outputs are shown in Figure 9. Again, GEANTfails when ILOSS=2. For ILOSS=1, GEANT 3.15 compares very well with the data andeven outperforms GEANT 3.21 in this case.It is also informative to compare the resolutions obtained when extracting theenergy loss using the truncated mean method. Reference [10] quotes a resolution of10.1% (rms) for 4 GeV/c pions traversing 50:50 He:Ethane gas. This value is obtainedfrom 10 samples, each 1.5 cm thick, using an 80% truncated mean (the lowest 8 samplesare averaged for the energy loss value). This has been duplicated for GEANT 3.15 with

11Figure 5: Energy loss values for 3 GeV/c protonstraversing 2.3 cm thick boxes filled with 50% He : 50%Ethane for the three input sets. The solid lines are forversion 3.21, the dashed lines are for version 3.15.

12Figure 6: Comparisons of data (dashed lines) to GEANT (solid lines) outputs for 0.6GeV/c pions traversing 4 cm thick samples filled with 8 atm of P10 gas. The left-handcolumn shows the GEANT 3.15 energy loss outputs for the input parameter sets A,B,and C, going from top to bottom on the page. The right-hand column shows GEANT3.21 comparisons.

13Figure 7: Comparisons of data (dashed lines) to GEANT (solid lines) outputs for 2.0GeV/c electrons traversing 2.3 cm thick samples filled with 1 atm of P10 gas. The left-hand column shows the GEANT 3.15 energy loss outputs for the input parameter setsA,B, and C going from top to bottom on the page. The right-hand column showsGEANT 3.21 comparisons.

14Figure 8: Comparisons of data (dashed lines) to GEANT (solid lines) outputs for 3.0GeV/c protons traversing 2.3 cm thick samples filled with 1 atm of P10 gas. The left-hand column shows the GEANT 3.15 energy loss outputs for the input parameter setsA,B, and C going from top to bottom on the page. The right-hand column showsGEANT 3.21 comparisons.

15Figure 9: Comparisons of data (dashed lines) to GEANT (solid lines) outputs for 4.0GeV/c pions traversing 1.5 cm thick samples filled with 1 atm of 50% He : 50% Ethanegas. The left-hand column shows the GEANT 3.15 energy loss outputs for the inputparameter sets A,B, and C going from top to bottom on the page. The right-handcolumn shows GEANT 3.21 comparisons.

16Figure 10: Simulated truncated mean energy lossdistribution of 4 GeV/c pions for GEANT 3.15 input setC. The mean is an 80% truncation on ten 1.5 cm widesamples filled with 50:50 He:Ethane gas.Figure 11: Simulated truncated mean energy lossdistribution for GEANT 3.15 input set C. The mean isa 40% truncation on sixty-four 4.0 cm wide samplesfilled with 90:10 Ne:Ethane gas.

17input set C. Figure 10 shows the truncated mean distribution for 1000 particles, whichgives a 10.9% resolution. Input set A yields a much lower 3.0% resolution.The STAR External TPC is concerned with particles at a much highermomentum. Again, a comparison of the truncated mean resolution can be made to data[11]. This data contains 40% truncated mean distributions for 15 GeV/c protons, pions,and electrons traversing 64 4 cm thick samples filled with a 90:10 Ne:Ethane mixture.The GEANT 3.15, input set C simulation is shown in Figure 11. The FWHM resolutionsquoted for the data for protons, pions, and electrons are 9.1%, 8.4%, and 10.9%,respectively. The corresponding GEANT resolutions are slightly worse at thesemomenta with values of 15.4%, 12.5%, and 13.0%, respectively. Input set A yieldsresolutions of 4.8%, 3.8%, and 3.4%, which is much better than the data.VI. THE DE/DX CALCULATION FOR THE STAR TPCThe dE/dx calculation for tracks within the STAR TPC is performed within thetde module, which exists in the tpi package of the STAR libraries. This section willdescribe how this calculation, derived by Kesheng Chan, is obtained. A description ofhow to run the tde module can be found in the next section.The dE/dx calculation consists of two parts. The dE part, which is supplied byGEANT and transferred to the tphit table by the tfs module. The involved part of thecalculation is that of dx since this will vary for each hit depending on its position on thetrajectory. The track length corresponding to the hit as it crosses over each pad rowmust be calculated. A simple illustration of this geometry is shown in Figure 12. This Figure 12: Definition of the arc length and its projection over a pad row.

18figure shows an example of a helix trajectory. Its arc length over pad i (A is the point ofentry over the pad row and B is the point of exit) is defined as si and the projection ofthat arc to the pad plane is di. The relation between these two quantities can beexpressed in terms of the dip angle, l, of the helix as si = di sec l. The definition of l isillustrated in Figure 12. The crossing angle of the trajectory projection to the x-y plane isthe angle between the transverse momentum vector at point A and the normal of padrow i (referred to as vector n ) and will be referred to as q. An illustration of thisdefinition is shown in Figure 13, and is related to the other variables through:

di = lsecθ ανδ

si = lsecλ secθ(4).Φιγυρε 12: Τηε δεϕινιτιον οϕ τηε ανγλε λ.Φιγυρε 13: Τηε δεϕινιτιον οϕ τηε ανγλε Θ. 19Φιγυρε 14: Δεϕιντιον οϕ τηε ανγλεσ α ανδ ψι αλονγ ωιτη τηε αρχ ϖεχτορ σ .Φιγυρε 14 ιντροδυχεσ ανοτηερ παιρ οϕ ανγλεσ υσεδ ιν τηε χαλχυλατιον οϕ δξ. Τηεανγλε α ισ τηε ανγλε βετωεεν τηε ϕιρστ ποιντ ον τηε τραχκ ανδ τηε ποιντ βεινγ χονσιδερεδ.Ιτ ισ δεριϖεδ ϕρομ τηε ηελιξ παραμετερσ υσινγ:

β^i = π 12 + π 6 sector

( )^j − 1 [ ](8).Νοω ιτ ισ τιμε το πυτ αλλ οϕ τηισ τογετηερ. Φιρστ νοτε τηατ

rn • rp^t = p^t cosθ, ορ secθ = pt nx px + nypy

(9)where

nx = cosβi , ny = sinβi ,

pt = pcosλ , px = pt cosψ i , and py = pt sin ψ i (10).Combining equations (9) and (10) with equation (4) gives an expression for the tracklength over that pad row derived from the helix parameters:

si = lsecλ cosβi cosψ i + sinβi sin ψ i

(11).VII. USING THE TDE MODULEIn order to build a TAS executable that includes the tde module, the user mustinclude the following in the Module Interface Definition (.mid) file:table_libtidtable_libtpgtable_libtcltable_libtpttable_libegr#moduletdetde_dedx#module_tabletdetphitupdate1module_tabletdepad_planeread2module_tabletdetptrackupdate3module_tabletdetdeparmread4module_tabletdeglobtrkread5

21There are several running options for tde available to the user accessible throughthe table tdeparm.These options are described below:tdeparm.debug(10):Debug printing options. This is currently not used.tdeparm.truncopt:Selects the dE/dx calculation option to be used in tde.There are currently four algorithms implemented:truncopt = 1:Eliminate only the point with the highest dE/dx valuefrom the calculation. Calculate dE/dx using

dEdx = qii∑ sii∑ (12).τρυνχοπτ = 2:Ελιμινατε ονλψ τηε ποιντ ωιτη τηε ηιγηεστ δΕ/δξ ϖαλυεϕρομ τηε χαλχυλατιον. Χαλχυλατε δΕ/δξ υσινγ

dEdx = qisi i∑ N

(13)where N is the number of points used in thecalculation.truncopt = 3:Eliminate the highest (tdeparm.truncfact)% of thedE/dx values from the calculation. Calculate dE/dxin the same manner as when truncopt = 1.truncopt = 4:Eliminate the highest (tdeparm.truncfact)% of thedE/dx values from the calculation. Calculate dE/dxin the same manner as when truncopt = 2.The truncopt = 4 method gives the best results.

22tdeparm.truncfact: This is the fraction of the highest dE/dx values for atrack that will be eliminated from the dE/dxcalculation for a given track. For example, to throwout the upper 40% of the hits (which gives the bestresults), truncfact should be set to 0.40.tdeparm.minrow:This is the minimum row number that will beconsidered in the dE/dx calculation. The percenttruncation will be performed on the remaining hits.This helps curtail the ambiguities in the calculation inthe inner pad rows, where tracks merge more often.The default is minrow=1.tdeparm.usemerge:If the Monte Carlo information is available from thetfs package, setting this parameter will tell tde to onlyconsider points that have not been merged by tfs. Thedefault is usemerge=0.tdeparm.use_glob:Setting this parameter tells tde to use the helixparameters from the global track globtrk table tocalculate the dE/dx values. The results will still bestored in the tptrack table. The default is use_glob=0.The inputs to the tde module are the tphit table, which contains the position andenergy loss information for each GEANT hit, the pad_plane table that containsinformation on the pad plane geometry, the tptrack table that contains the helixparameters for each track, the globtrk table that contains the global track helixparameters, and the tdeparm options table described above. The output of tde is simplythe dE/dx value for the track, which is then placed into the element tptrack.dedx(1).The error (not implemented) will be placed in tptrack.dedx(2). This information alsoexists in the tde section of the STAR WWW.The minimum analysis chain necessary to run the tde module must include thefollowing modules: mct -> tfs -> tpt -> tde.

23Figure 15: The dE/dx for each track calculated by tde for 5 central HIJINGAu+Au events versus the inverse of the total momentum of each trackcalculated by tpt. Only hits in the outer sector of the TPC were used in thedE/dx calculation. Clear proton, kaon, and pion bands are seen.VIII. RESULTS FROM THE TDE MODULEThis note will wrap up by showing results from the tde module. The first test is acheck of the dE/dx resolution resulting from the STAR analysis chain through the tdemodule. A set of 5 events were generated as text files. Each event contained 300 pionswith a total momentum of 4 GeV/c. They were each given a random angle thetaranging from 45 degrees to 135 degrees so that each particle would traverse all of the

24TPC pad rows. Each particle was also given a random azimuthal angle phi ranging from0 degrees to 360 degrees. The momentum components of each particle were calculatedfrom this information and fed into the STAR GEANT, which is currently GEANT 3.15.The STAR geometry file used had the TPC filled with a 50:50 He:Ethane gas mixture.The particles were processed through GEANT with ILOSS=1, IDRAY=1, and ISTRA=0for best results. The GEANT output was then fed into a TAS executable implementedwith the minimum chain of the modules mct -> tfs -> tpt -> tde. The tde module wasrun with tdeparm.minrow = 1, tdeparm.usemerge=1, truncopt=4, and truncfact = 0.2,corresponding to the data�s 80% truncation. The dE/dx calculation from tde for eachparticle was written into the tptrack table, from which the dE/dx values could beplotted. The resulting dE/dx resolution was 5.46% (rms) for tracks that originallycontained 45 hits, which is the maximum allowable in the TPC. According to reference[2], the resolution should scale roughly as the inverse square root of the number ofsamples. Applying this criteria, this resolution corresponds to 10.9% for 10 samples,which is only slightly above the 10.1% resolution quoted for the data [10].The example above was for the ideal case of a small number of well separatedtracks traversing the TPC. The output of the tde module for 5 central HIJING Au+Auevents is shown in Figure 15. This plot was obtained by processing the HIJING outputthrough the STAR GEANT, this time with the TPC filled with P10 gas. The GEANTparameters were set so that ILOSS=1, IDRAY=1, and ISTRA=0. The tde parameterswere set such that usemerge=0, minrow=15 (outer sector only), truncopt=4, andtruncfact=0.4. Only the outer sector was used for the dE/dx calculation to reduce theusage of merged hits in the calculation. The usemerge parameter has little effect in thiscase. Figure 15 plots the calculated dE/dx against the inverse of the total momentum foreach track. From this, clear proton, kaon, and pion bands can be seen. Electrons areembedded in with the pions for the most part. The particle identification algorithm andefficiency is handled by the tpi module and will be discussed in a future STAR note.VIII. CONCLUSIONSThis note has provided a detailed look at the GEANT versions 3.15 and 3.21calculations of the energy loss of various particles. Comparison to several data sets hasshown that users of the STAR GEANT should use the GEANT input parametersILOSS=1, IDRAY=1, and ISTRA=1 whenever the energy loss is an importantconsideration in the simulation. With these parameters, even with GEANT 3.15, the

25STAR dE/dx calculation provides a realistic simulation of the energy loss of theparticles traversing the TPC.Future improvements that can be made to this simulation could be made. First,an upgrade of the STAR GEANT to version 3.21 would improve the realism of thesimulation. Also, a study could be made of the effect of lowering the delta-ray energyand electron energy cut-off values in GEANT, which were set to 10 keV for allsimulations in this note. Changing these values from the default did not significantlychange the results. Finally, a detailed energy loss calculation is being performed by H.Bichsel [12] for various gases. Implementation of this calculation into the STARsimulation chain could further improve its realism.IX. BIBLIOGRAPHY[1]P. Jones, STAR NOTE #56.[2]W. W. M. Allison and J. H. Cobb, Ann. Rev. Nucl. Part. Sci. 30 (80) 253.[3]R. Brun, et. al., GEANT 3 User�s Guide, CERN Data Handling Division Report No. DD/EE/84-1, 1989 (unpublished).[4]NA35 GEANT, R. J. Morse, NA35 Notes.[5]STAR GEANT, R. J. Morse, see the mcg area of the STAR WWW.[6]NA49 GEANT, P.M. Jacobs, NA49 Notes.[7]M. Shapiro, Ph. D. Thesis, Chapter 5.[8]H. Wieman, EOS Note, �Energy Loss Resolution from Simulations�, Sept. 1988.[9]A. H. Walenta, et. al., Nucl. Inst. Meth. 161 (79) 45.[10]S. Uno, et. al., Nucl. Inst. Meth. A330 (93) 55.[11]I. Lehraus, et. al., Nucl. Inst. Meth. 153 (78) 347.[12]H. Bichsel, private communications.