The STAR Heavy Flavor Tracker

Technical Design Report

June 30, 2011



The STAR Heavy Flavor Tracker

D. Beavis, R. Debbe, J H. Lee, M.J. LeVine, R.A. Scheetz, F. Videbaek, Z. Xu
Brookhaven National Laboratory, Upton, NY 11973

J. Bielcik, M. Krus
Czech Technical University, 115 19 Prague, Czech Republic

L.E. Dunkelberger, H.Z. Huang, G. Wang
University of California, Los Angeles, CA 90095

J. Bouchet, J. Joseph, D. Keane, S. Margetis, V. Rykov, J. Vanfossen, W.M. Zhang
Kent State University, Kent, OH 43210

J. Bielcikova, J. Kapitan, V. Kushpil, J. Rusnak, M. Sumbera
Nuclear Physics Institute AS CR, 250 68 Rez/Prague, Czech Republic

G.Visser
Indiana University, CEEM
Bloomington, IN 47408

J. Baudot, G. Claus, A. Dorokhov, G. Doziere, W. Dulinski, M. Goffe, A. Himmi, C. Hu-Guo,
F. Morel, S. Senyukov, A. Shabetai, M. Winter, I. Valin
Institut Pluridisciplinaire Hubert Curien, Strasbourg, France

J. Bessuille, B. Buck, J. Kelsey, R. Milner, R. Redwine, B. Surrow, and G. van Nieuwenhuizen
Laboratory for Nuclear Science
Massachusetts Institute of Technology, Cambridge, MA 02139

E. Anderssen, X. Dong, L. Greiner, H. Masui, H.S. Matis, H.G. Ritter, E. Sichtermann, J. Silber,
T. Stezelberger, X. Sun, M. Szelezniak, J.H. Thomas, C. Vu, H.H. Wieman, N. Xu, Y. Zhang
Lawrence Berkeley National Laboratory, Berkeley, CA 94720

A. Hirsch, X. Li, B. Srivastava, F. Wang, W. Xie
Purdue University, West Lafayette, IN 47907

M. Shao, Y. Sun, Z. Tang, Y. Zhang, Z. Zhang
University of Science and Technology of China, Hefei 230026, China

W. Borowski, S. Bouvier, G. Guilloux, S. Kabana, C. Renard
SUBATECH - Ecole des Mines, Nantes, France

G.W. Hoffmann, J.J. Schambach
University of Texas, Austin, TX 78712



Table of Content

1. INTRODUCTION 9
2. PHYSICS MOTIVATION 10
2.1, CHARMELOW ..ottt 10
2.2, HEAVY QUARK ENERGY LOSS .....oiiiiiiiiiiiiiiiieeiiie ettt eitee et te et e e staeeetveeetseeesasaaesnsseesnssesansseeans 11
230 ACBARYONS Lo 12
2.4, B-MESONS ..ottt 13

3. TECHNICAL DESIGN 15
3.1.  REQUIREMENTS AND DETECTOR DESIGN........ccccoiiiiiiiiiiiiiiiiiiiiiiieiciee et 15
3.2,  THE PIXEL DETECTOR (PXL)..cottiiiiiiieiiieiteeiie ettt sttt st ettt et st sateesaaesanee e 19
3.2.1.  Mechanical Design of the PXL Detector.................cccocceimiiiniioiniiiiiniiiienieeiteieeie e, 19
3.2.2. Sensors ANA REAAOUL .............ccc.covuuiiiieiiiii ettt ettt 27
3.2.3.  Sensors and Readout Simulation and Prototyping................cccccocuceniiicinieciniieienieennenn, 38
3.2.4.  ENGINeering PFOIOLYPE ...........ccccccuiiiiiiiiiiiiiiieieeit ettt 41

3.3. THE INTERMEDIATE SILICON TRACKER ........ccocciiiiiiiiiiiiiiiiiiitiiiretcteseeencencenc s 43
3.3.1. IMIFOAUCITION ..ottt ettt et ettt ettt e n 43
3.3.20 REQUITEIMENES ...ttt 44
3.3.30 LAYOUL ... 45
3.3.4.  The SilicOn Pad SERSOTS ........cccueiiiiiiieie ettt et s 47
3.3.5. The Readout CRIPS .........ccccoceeiiiiiiiiiiiiiiiieit ettt 48
3.3.6.  Hybrids and MOGUIES ..................ccccccociiiiiiiiiiiiiiiiiiiiiit et 49
3.3.7.  Mechanical SUPPOFt SIFUCIUT@. ............ccccceerieiiiiiiiiiiieii ittt 52
3.3.8. COOLING ..o 54
3.3.9. ReAAOUE SYSTOM.........c..oouiiiiiiiiiiiiii ettt 56
3.3.10.  Spatial Survey and AlIGRMENL .................c.cccooceiiiiviiiiiiiiiiiii it 59

3.4, THE SILICON STRIP DETECTOR .......coeuiuiiiiieiitiiietetiecct ettt 59
340, The SSD BATFEL........ooiiiiiieee ettt ettt ettt n 60
3.4.2. Electronic UPGrade..............ccccccceiiiiiiiiiiiiiiiiiiiiiiieiieit ettt 62
3.4.3. Mechanical MOUNTING................cccccoiiiiiiiiiiiiiiiieit ettt 64
3:4. 4. COOLING SYSEEML ...ttt e 65
3.4.5.  Testing of Reading the Ladder Board at 5 MHZ .............cc.ccccoooirininininiiiiiieeeeee e 70
Be4.0. SOIVICES ..ottt ettt et ettt e b et n 71
3.4.7.  Electronics on SOuth PIAIfOFT ............ccccooioiiiiiiiiiiiciiiiiiiteeee st 73

3.5.  GLOBAL STRUCTURES AND INTEGRATION ......cccoeuiuimiiiiiiitiniiteietcict ettt 74
3.5.1.  MeChANICA] STPUCTUFES..........coeueieiiiieeee ettt ettt ettt s 76
3.5.2. Mechanical ReqUITEMENES ..................cccocieiuiiiiaiiiiiiiiii ettt 78
3.5.3. Electrical REGUIFEMENLS ..............cccccicuiiiiiiiiiiaieiit ettt 80
3.5.4.  Structural Shell of WSC/ESC ASSEMBLY ..........ccocuiciiiiiiiiiiiiiiiiiiieeeeeeeeeee e 81
3.5.5.  Comparison t0 REGUIFEMENLS ...............ccccccuerieiuiiieiinieiiet ettt 85
3560 SALELY ..o 91

3.6, SOFTWARE ....oviiititiieietce ettt b bbb s bbbt a e 92
3.6.1.  STAR Software ERVIFONIMENL ............c..cccouiiiiiiiiiiaieie sttt 92
3.6.2. ONLINE SOfIWAFE ...ttt 92
3.6.3. OffTING SOfIWATE.........ccuioiiiiiiiiiiiiieee ettt 93
3.6.4.  Simulation FrAmeEWOFK ...........cccccccuiiiuiiiiiiiiiesie ettt 96
3.6.5.  Physics Analysis FYAMeEWOFK..................ccccoiiiiiiiiiiiiniiiiiiiiiit it 99

4. ACRONYMS 100
REFERENCES 101




List of Figures

FIGURE 1: ELLIPTIC FLOW (V;,) AS A FUNCTION OF Py IN AU+AU COLLISIONS AT 200 GEV. THE RED AND THE
GREEN CURVES SHOW CALCULATIONS FROM REF. [2] FOR THE LIMITING CASES THAT THE CHARM
QUARK FLOWS LIKE THE LIGHT QUARKS AND THAT THE CHARM QUARK DOES NOT FLOW IN A
COALESCENCE MODEL. THE ERROR BARS OF THE DATA POINTS REPRESENT THE STATISTICAL ERRORS
THE HFT MEASUREMENTS WILL ACHIEVE. THE PURPLE CURVE SHOWS THE MEASURED V;, VALUE FOR

CHARGED HADRONS. ...oiiuttitittteeitteeetteeetteeetseeassseeesssseaassseeasssssesssessssssssssssesssssesssssssssssssessssesssssessnssees 11
FIGURE 2: EXPECTED ERRORS FOR THE Rp MEASUREMENT AS A FUNCTION OF PT. .....oveviivieeeieeeeineeeeereeens 12
FIGURE 3: EXPECTED STATISTICAL ERRORS OF THE RATIO OF Ac TO D’ PRODUCTION FOR DIFFERENT

ASSUMPTIONS ABOUT THE PRODUCTION MECHANISM. .....cccctiiieiurieeririeeirieeetreeeseseeeseseeesssseesssesesssesennns 13

FIGURE 4: NUCLEAR MODIFICATION FACTOR Rcp OF ELECTRONS FROM D MESON AND B MESON DECAYS.
EXPECTED ERRORS ARE ESTIMATED FOR 500 M AU+AU MINIMUM-BIAS EVENTS (OPEN SYMBOLS) AND
500 uB™' SAMPLED LUMINOSITY WITH A “HIGH TOWER” TRIGGER (FILLED SYMBOLS). .........coevvrvenen. 14

FIGURE 5: A SCHEMATIC VIEW OF THE SI DETECTORS THAT SURROUND THE BEAM PIPE. THE SSD IS AN
EXISTING DETECTOR AND IT IS THE OUTMOST DETECTOR SHOWN IN THE DIAGRAM. THE IST LIES INSIDE

THE SSD AND THE PXL LIES CLOSEST TO THE BEAM PIPE . 15
FIGURE 6: SCHEMATIC VIEW OF THE DIFFERENT LAYERS OF THE HFT. ........coooiiiiiiiiiiiceeeeee e 16
FIGURE 7: OVERVIEW OF THE PXL DETECTOR MECHANICS SHOWING DETECTOR BARREL, SUPPORT

STRUCTURES AND INSERTION PARTS. ...cccuutiieiutieeitieeaireeeseseeesseeessseessssesesssseesssesssssessssssessssssessssessnssees 20

FIGURE 8: EXPLODED VIEW OF THE LADDER SHOWING COMPONENTS. THE SILICON IS COMPOSED OF 10
SQUARE CHIPS. IT IS SHOWN HERE AS A CONTINUOUS PIECE OF SILICON, THE WAY IT HAS BEEN
MODELED FOR ANALYSIS.....ceiiittttiteeeeiitteeeeeeeiiteeeeeeeeiteeeeeeeeiaeeeeseeeiasseeseesisseeseesaessseeeeesissseeeeensisrreeeenins 21

FIGURE 9: THIN WALL CARBON SUPPORT BEAM (GREEN) CARRYING A SINGLE INNER BARREL LADDER AND
THREE OUTER BARREL LADDERS. THE BEAM IN ADDITION TO SUPPORTING THE LADDERS PROVIDES A
DUCT FOR CONDUCTING COOLING AIR AND ADDED SURFACE AREA TO IMPROVE HEAT TRANSFER TO THE
COOLING AIR. ..tttveeeeeeeitteee e e e eetteeeeeeeeiaaeeeeeeeeareeeeeeetaaaseeeeeetaseseseeaaaseeseeaaassseeeesaesssseeeeeessseeesennsreeeeeaaes 22

FIGURE 10: HALF MODULE CONSISTING OF 5 SECTOR BEAM MODULES. THE SECTOR BEAM MODULES ARE
SECURED TO A CARBON COMPOSITE D TUBE USING A DOVETAIL STRUCTURE, WHICH PERMITS EASY
REPLACEMENT OF SECTOR MODULES. CARBON COMPOSITE PARTS ARE SHOWN IN GREEN FOR GREATER

VISIBILITY . uttvteeeeeeuueeeeeeeeetteeeeeeeettaeeeeeeeetaeeeeeeeeasaeeeeeeaeasaeseeeaeasssaeeeeatsseseeeenasreaeeeeeastsseaesenntssseeeeeanrreeens 22
FIGURE 11: DETECTOR ASSEMBLY IN THE INSTALLED POSITION SUPPORTED WITH THREE KINEMATIC

IMOUNTS. «ettvteeeeeettreeeeeeeiteeeeeeeetaeeeeeeeeaaeeeeeeeetareaaeeeetsteseeeeeaaaseaeeeeasssaeseeassseseeesaasssseeeeenssseeesennassseeeeens 23
FIGURE 12: TRACK AND CAM GUIDE SYSTEM FOR INSERTING THE DETECTOR. ........ccoevueeeereeeeineeeeeneeeeeneeeenns 24

FIGURE 13: INITIALLY THE DETECTOR HALVES HAVE TO BE SUFFICIENTLY OPEN TO CLEAR THE LARGE
DIAMETER PORTION OF THE BEAM PIPE. THEY THEN CLOSE DOWN SUFFICIENTLY TO FIT INSIDE THE
PIXEL SUPPORT TUBE (PST) WHILE CLEARING THE BEAM PIPE SUPPORTS AND FINALLY CLOSE DOWN TO
THE FINAL POSITION WITH COMPLETELY OVERLAPPING COVERAGE OF THE BARRELS. THE BEAM PIPE
SUPPORTS ARE NOT SHOWN. ....eeiiiiiiiutriieeeeiitreeeeeeeiitreeeeeeesaseeeeeesisseeeeeasisseseseeeeissseeeseestsssesseesssseseseessnnes 24

FIGURE 14: PXL DETECTOR COOLING AIR PATH. THE AIR FLOWS DOWN THE CENTER OF THE SECTOR
MODULES AND RETURNS BACK OVER THE DETECTOR LADDERS ON THE SECTOR MODULES AND INTO THE
LARGER PIT VOLUME WHERE IT IS DUCTED BACK TO THE AIR-COOLING UNIT. ......oveeiiiiiniieeeeninneeeeennns 25

FIGURE 15: CABLE BUNDLE ENVELOPE FOR THE LADDER CONNECTIONS. THE BLUE PAIRS INCLUDE 40
SIGNAL PAIRS, CLOCK AND TRIGGER LINES AND JTAG COMMUNICATION. THE RED CONDUCTORS ARE
FOR POWER.......ceiitttiiiieeiitieeeeeeeeiteeeeeeeeetat e e e eeeetaeeeeeeeeetteeeeeeeeaaeeseeeesaasaeeeeaeasaeeeeeeesssseeeeeatsseeeeenasaeeeeenans 26

FIGURE 16: DIAGRAM SHOWING THE DEVELOPMENT PATH OF SENSORS FOR THE STAR PXL DETECTOR AT
IPHC IN STRASBOURG. THE READOUT DATA PROCESSING REQUIRED IS SHOWN AS A FUNCTION OF
SENSOR GENERATION. ......oeeiiuviieiueeeiteeeeeteeeeeseeeeeaeeeeesseeeeseeseseeeeesseseesseeeaseeeensseseesseseeseseensseeensneeennnees 27

FIGURE 17: FUNCTIONAL BLOCK SCHEMATIC FOR THE READOUT FOR ONE SECTOR OF A PHASE-1 PROTOTYPE
SYSTEM. THE DETECTOR LADDERS AND ACCOMPANYING READOUT SYSTEM HAVE A HIGHLY PARALLEL
ARCHITECTURE. ONE SYSTEM UNIT OF SENSOR ARRAY/READOUT CHAIN IS SHOWN. THERE ARE TEN

PARALLEL SENSOR ARRAY/READOUT CHAIN UNITS IN THE FULL SYSTEM. ...cecevviiiiiieeieiniieeeeeeeineeeeeens 29
FIGURE 18: PHYSICAL LAYOUT OF THE READOUT SYSTEM BLOCKS. THIS LAYOUT WILL BE THE SAME FOR
BOTH THE PHASE-1 BASED PATCH AND THE FINAL PXL DETECTOR SYSTEM......ccuvviieiieiinieeeeeeeeneeeeeens 30



FIGURE 19: ASSEMBLY OF SENSORS ON A LOW RADIATION LENGTH KAPTON FLEX CABLE WITH ALUMINUM
CONDUCTORS. THE SENSORS ARE CONNECTED TO THE CABLE WITH BOND WIRES ALONG ONE EDGE OF
THE LADDER.. ....uutttiieiieiiiete e e e eeitteeeeeeeetaeeeeeeeeaeeeeeeeettaaseeeeeetaaeeeeeeeaasseeseesessseeeeeeaasssseeeeeetsseeeeennsreeeeeeans 31

FIGURE 20: POWER AND MASS-TERMINATION BOARD BLOCK DIAGRAM. THE DIGITAL SIGNALS TO AND FROM
THE SENSORS ARE ROUTED THROUGH THE MAIN BOARD AND ARE CONNECTED TO THE READOUT
BOARDS VIA THE MASS-TERMINATION CONNECTORS ON THE MAIN BOARD. LATCH-UP PROTECTED
POWER REGULATION IS PROVIDED TO EACH LADDER BY A DAUGHTER CARD MOUNTED TO THE MAIN
BOARD. THE MAIN POWER SUPPLIES WILL BE LOCATED FAR FROM THE DETECTOR (IN THE STAR

FIGURE 21: READOUT BOARD. THE READOUT SYSTEM CONSISTS OF ONE RDO BOARD PER SECTOR OF 40
SENSORS. THE RDO BOARD IS A CUSTOM PCB THAT PROVIDES ALL OF THE I/O FUNCTIONS INCLUDING
RECEIVING AND BUFFERING THE SENSOR DATA OUTPUTS, RECEIVING THE TRIGGER FROM STAR, AND
SENDING THE BUILT EVENTS TO A STAR DAQ RECEIVER PC VIA THE ALICE DDL FIBER OPTIC
CONNECTION. THE DATA PROCESSING ON THE RDO MOTHERBOARD IS PERFORMED WITH A XILINX
VIRTEX-0 FPGAL ...ttt et e e ettt e et e e e tb e e e esbaeesssaeeestbeaesseeesssaeesasseeanssesesseas 32

FIGURE 22: FUNCTIONAL BLOCK DIAGRAM OF THE DATA FLOW ON THE RDO BOARDS. .......ccccvvevevieeeirieennns 33

FIGURE 23: EFFICIENCY VERSUS FAKE HIT RATE FOR A MIMOSA-22 SENSOR, A PROTOTYPE FOR THE PHASE-1
SENSOR. THE FIGURE IS OBTAINED FROM LIVE-BEAM DATA TAKEN WITH 120 GEV/C PIONS AT THE

CERN TEST BEAM FACILITY.. ..vtieittteeittteeitteeestreeessesessseesssseeasssssesssssssssssssssessssssssssssssssssssssssesssssessnssees 33
FIGURE 24: SYSTEM LEVEL FUNCTIONALITY DIAGRAM OF THE READOUT OF THE PXL SENSORS. ONE OF THE
TEN PARALLEL READOUT CHAINS IS SHOWN. ....iiiiuiiiiiiiieatiieesiteeesireeeeteeessseeessseeesssesessssesssseessssessnssees 34
FIGURE 25: DATA RATE REDUCTION IN THE PHASE-1 READOUT SYSTEM.......ceoiiuriieeeiiiireeeeeeeeiireeeeeeeinreeeeeens 36
FIGURE 26: FUNCTIONAL BLOCK DIAGRAM OF THE RDO BOARDS FOR THE READOUT OF THE ULTIMATE
DETECTOR BASED PXL DETECTOR. .....ciiieiiiiiiiiiiiiieireeeeeeeeeeeeeeeeeeeseseseannesssssssssssesessssesaseseeeeeesesssnnsnsnes 37
FIGURE 27: THREE MIMOSTAR-2 SENSORS IN THE TELESCOPE CONFIGURATION USED IN THE BEAM TEST AT
ST AR . ettt ettt e ettt e ettt e e e b ee e e tb e e e tbaeeabte e e tbeeeabaeetbaeaantbeeatbaeetbaeeantaeeetaaeetbaeans 38

FIGURE 28: THE PROTOTYPE LADDER TEST SYSTEM. AN INFRASTRUCTURE TEST BOARD (ITB) CONTAINING
TEN PHASE-1 SENSORS IS CONNECTED VIA FINE TWISTED PAIR WIRE TO A PROTOTYPE MTB WHICH
PROVIDES BUFFERING OF THE DIGITAL SIGNALS AND PROVIDES LU PROTECTED POWER TO THE LADDER.
THE DATA AND CONTROL SIGNALS ARE THEN CARRIED OVER A 6 METER CABLE TO A PROTOTYPE RDO
BOARD WHICH PERFORMS ZERO SUPPRESSION AND BUILDS AN EVENT WHICH IS THEN TRANSFERRED TO
THE DAQ PC VIA A FIBER CONNECTION. ....ecciutiieiiireiiieeatreeeseseeesseeeaseeessseeesssesssssesessssesssssesssssessnssees 40

FIGURE 29: PROTOTYPE RDO BOARD DESIGN IS COMPOSED OF A XILINX VIRTEX-5 DEVELOPMENT BOARD
MATED TO A CUSTOM RDO MOTHERBOARD. THE FINAL RDO BOARDS WILL BE A CUSTOM DESIGN
USING A XILINX VIRTEX-6 FPGA. ......cooiiiiiiiiiieeeeeeeeee e, ... 40

FIGURE 30: PXL CONFIGURATION FOR THE ENGINEERING PROTOTYPE. ....ccccceiiurriieeeiiiireeeeeeesiireeeeeeeinreeeeeens 41

FIGURE 31: SOLIDWORKS MODEL OF THE IST . ......outiiiiiiiiiiie et ee e 43

FIGURE 32: THE BLUE CURVE SHOWS THE OCCUPANCY OF A SILICON SENSOR WITH 768 CHANNELS, SINCE
THIS IS FULLY DETERMINED BY THE NUMBER OF CHANNELS IT IS THE SAME FOR A SILICON PAD SENSOR
WITH 768 PADS AND A SILICON STRIP SENSOR WITH THE SAME AMOUNT OF STRIPS. THE GREEN CURVE
GIVES THE FRACTION OF TRACKS THAT WOULD SUFFER A DOUBLE HIT ON STRIPS LEADING TO AN
AMBIGUOUS SPACE POINT. THE RED CURVE SHOWS THAT THE SAME DOUBLE HIT FRACTION IS MUCH
LESS FOR A SILICON PAD SENSOR. ....cuutviieeeiiitrieeeeeeiiteeeeeeeeitreeeeeeesisseeeseesiissesseesesssseessesissesesensisreesesans 46

FIGURE 33: SINGLE TRACK FINDING EFFICIENCY FOR DIFFERENT R-¢ AND Z PAD SIZES OF THE IST. THE
SOLID LINE SHOWS AN ISO-LINE FOR 768 READOUT CHANNELS. THE LEFT PANEL SHOWS THE
EFFICIENCY WHEN HITS FROM THE SSD ARE INCLUDED. IN THE RIGHT PANEL THE SSD HITS ARE NOT

INCLUDED IN THE TRACK. PARTICLES TRACKED ARE KAONS AT 750 MEV/C. .ccooouvviiiiiiiiiiiiiiieecieeeene 47
FIGURE 34: SINGLE-TRACK EFFICIENCY AS A FUNCTION OF THE IST BARREL RADIUS. THE ASSUMED

INTERNAL SENSOR GEOMETRY WAS 600 MM IN R-¢ AND 6000 MM IN Z. ....cccuvvieiieieeieienreeeeseeeeenenes 48
FIGURE 35: THE SILICON PAD SENSOR INTERNAL LAYOUT . ......ccotiuurieeeieirreeeeeesireeeeeeeeeaeeeeeeesiarseeeeeesnreeeeennns 48
FIGURE 36: KAPTON IST HYBRID DESIGN. .....ceiiiiiiiurteeeeeeiiureeeeeeeiteeeeeeeesaseeeseesissesseeseesseseessesisssesesessisseseseenns 49
FIGURE 37: LAYOUT OF AN IST MODULE. ......cciiiiiiiiiieeeeeiitreeeeeeeeteeeeeeeeeaaeeeeeeeaaeeeeeeeetaeeeeeeesssseeeseenanrreeeeenas 50
FIGURE 38: IST PROTOTYPE WITH 4 PHOBOS IV SENSORS AND 16 APV25-S1 READOUT CHIPS. ................ 50

FIGURE 39: RAW SIGNAL FROM THE IST PROTOTYPE. SHOWN IS THE FIRST BANK OF 4 APV READOUT CHIPS
WHICH CORRESPOND TO ONE SENSOR OF 512 CHANNELS BEING READ OUT. .....ccoovvvveiiiiiiieiiieinns .51
FIGURE 40: SIGNAL PLOT FROM ANALYZING 500 PEDESTAL EVENTS AT FULL DEPLETION VOLTAGE............. 51




FIGURE 41: LONG IST PROTOTYPE LADDER MADE OUT OF CARBON FIBER HONEYCOMB AND CARBON FIBER

SKINS. THIS PROTOTYPE HAS ONE COOLING CHANNEL. .....coviiiiiiiiiieeeeeiitreeeeeeeeiteeeeeeeeeaeeeeeeeeeanreeeeeeennes 51
FIGURE 42: CROSS-SECTION OF THE LADDER AND MODULES. THE KAPTON HYBRID SHOWN IN GREEN IS

FOLDED OVER TO THE BACKSIDE. .......uuuviiiiiiiiiteeeeeeeiiteeeeeeeeiaeeeeeeesisseeeseesisseeseesessssseeseesisssesssensisseeesenans 52
FIGURE 43: LADDER 'CLIP' MOUNTING OF THE IST LADDERS ONTO THE SUPPORTING CYLINDER (ISC)......... 52
FIGURE 44: RAPID PROTOTYPE OF THE IST LADDER MOUNTING STRUCTURE. ......c..ccoviuvrieeeeeiirreeeeeeirreeeeeenn 53
FIGURE 45: PHI AVERAGED MATERIAL BUDGET FOR THE IST AS A FUNCTION OF RAPIDITY. ...uuuvvurrrrrrrreeeenens 53
FIGURE 46: FLOWORKS SIMULATION OF A LIQUID COOLED IST LADDER. .....ccccovvttiiiiiiriieeeeeeiireeeeeeecnreeeeeenns 55
FIGURE 47: TEMPERATURE OF CHIPS AND COOLING FLUID AS A FUNCTION OF THE FLOW RATE OF THE

(01070) 511 (€ 3 21 51611 5 T RO s TS PP TUURUOR RPN 55
FIGURE 48: IST DATA AQUISITION BLOCK DIAGRAM. ALSO SHOWS THE IST GROUNDING SCHEME.............. 56

FIGURE 49: IST CABLE RUN IN STAR FROM THE INNER FIELD CAGE TO THE READOUT CRATES IN THEIR RACK.

FIGURE 50:

FIGURE 51: APV SIGNAL AFTER 70 FEET OF CABLE AND AN EQUALIZING FILTER. .. .
FIGURE 52: THE RESOLUTION OF THE APV SIGNAL AFTER THE EQUALIZING FILTER. .........cccovivvieeeeeirreeneeenns 58
FIGURE 53: IST SLOW CONTROLS FLOW DIAGRAM. .....cccctiiieirieeiiieeeereeesreeesseeesssessssseessssesesssseessssssssssesannns 59

FIGURE 54: A CAD MODEL OF THE SSD. THE RECTANGULAR GOLD OBJECTS IN THE INSIDE OF THE
CYLINDER REPRESENT THE SILICON. THE TRIANGULAR STRUCTURE IN THE CENTER IS THE LADDER
SUPPORT. THE GREEN OBJECTS AT THE END REPRESENT THE READOUT ELECTRONICS (LADDER

FIGURE 55: AN SSD LADDER SHOWING ITS VARIOUS COMPONENTS. THE LADDER BOARD CONTAINS THE
ELECTRONICS THAT READS OUT THE SILICON MODULES. .....uvvviiiiiiiirieeeeeeiireeeeeeeeiveeeeeeeeiineeeeeeeenneeeeeens 61
FIGURE 56: EXPLODED VIEW OF ONE DETECTOR MODULE. THE LEFT HALF SHOWS COMPONENTS AND THE
RIGHT HALF SHOWS THE ASSEMBLED HYBRID. .....cuvviiiiiiiiiiiieieeeieeeeeeeeeeeesaieeseseeeeeeeeeeeeesseseeeessssssssssnnnns 62
FIGURE 57: A SCHEMATIC OF THE INTERCONNECTION BETWEEN THE LADDER ELECTRONICS AND THE RDO
CARD, EACH RDO HANDLES 5 LADDERS. THE CONNECTION BETWEEN THE LADDER ELECTRONICS AND
THE CORRESPONDING RDO CARD IS A DUAL OPTICAL FIBER. ......ccvvveeieeeiiireeeeeeeeieeeeeeeeitneeeeeeesnneeeeeens 63
FIGURE 58: PROTOTYPE OF A FULL SIZED LADDER BOARD. THE LEFT SIDE SHOWS THE BOARD AS IT COMES
FROM THE MANUFACTURER WITH SEVERAL ELECTRICAL CONNECTORS ADDED. THE LADDER BOARD
FOLDS INTO THE PAGE AROUND THE FLEXIBLE CIRCUITS. THE CONNECTOR FOR POWER AND THE
OPTICAL TRANSCEIVER ARE ALSO SHOWN. THE CONNECTOR ON THE LOWER LEFT IS ONLY FOR
TESTING. THE RIGHT SIDE SHOWS THE BOARD WHEN IT IS FOLDED AND MOUNTED TO THE LADDER. ... 63
FIGURE 59: END BRACKET FOR THE SSD THAT MOUNTS TO THE OSC. THE HOLES ARE USED FOR ALIGNMENT

AND TO FIX THE DETECTOR. .....coiitttiieeieiitrteeeeeeeireeeeeeeeteeeeeeeeitseeeeeeeeitssesseeeetreseeeeeetrseseseentnsseeeeenarrreeens 64
FIGURE 60: PHYSICAL LOCATION OF EACH LADDER. THE LENGTH DIMENSION IS IN MM. THE TILT ANGLE IS
7° TO PROVIDE CLEARANCE FOR A POST ON THE MODULES. ....uuututiiiiiiiiiieieieeeeeeeeeeeeeeeeessesssssssssssesseseeees 65

FIGURE 61: TOP — A PHOTOGRAPH OF THE CARBON FIBER STRUCTURES NEAR ONE END OF A LADDER. THE SI
DETECTORS ARE MOUNTED ON THE BOTTOM OF THE LADDER AND ARE SHOWN DISAPPEARING TO THE
LEFT IN THE FIGURE. THE AIR PATH IS BLOCKED AT THE TRANSITION POINT FROM LADDER BOARDS TO
THE SIDETECTORS BY A WALL THAT FORCES THE AIR DOWN AND INTO A SMALL TUNNEL OVER THE SI
MODULES. THE DIMENSIONS OF THE TUNNEL ARE SHOWN IN BLUE IN LOWER FIGURE. THIS TUNNEL IS
68 CM LONG AND HAS A CROSS-SECTIONAL AREA THAT IS APPROXIMATELY 1/5 OF THE AREA OF THE
MAJOR TRIANGLE. ..ottt et e e e et e et e e st e e st e e st eeatesate e st esnaeesnneenes 67

FIGURE 62: A SCHEMATIC DRAWING OF THE LADDER COOLING TEST THAT WAS CONDUCTED IN NANTES IN
2002. THE LADDER WAS COOLED BY DRAWING AIR THROUGH IT USING A VORTEC AIRFLOW AMPLIFIER
AS THE VACUUM SOURCE. THE PRESSURE AT VARIOUS POINTS IN THE SYSTEM IS SHOWN IN THE

DIAGRAM . ...coieiieiittiee e eeeeteee e e e eettaee e e e eeettaeeeeeeeeareeeeeeettaeeeeeeeeaaeeeeeeeaasseeeeesassseseeeaaasssseeeeentsseeesennsreeeeenans 68
FIGURE 63: TEMPERATURE PROFILES FOR LADDER #0. THE TEMPERATURE RISE IS SHOWN AS A FUNCTION OF
TIME AFTER POWERING UP THE LADDER IS SHOWN AT VARIOUS POINTS ON THE LADDER. ........c....c....... 69

FIGURE 64: PERFORMANCE CURVES FOR THREE DIFFERENT VACUUM SOURCES. THE BLUE CURVE IS FOR THE
VORTEC MODEL 903 AIRFLOW AMPLIFIER. IT WAS USED TO COOL 5 LADDERS WHEN EACH LADDER
WAS MOUNTED ON THE END OF A LONG (0.8 CM TUBE (RED DIAMOND). THE MAGENTA CURVE IS FOR A
1.2 KW BLOWER AND THE GREEN CURVE IS FOR A 2.6 KW BLOWER. THESE UNITS ARE COMMONLY
USED IN THE WOOD PRODUCTS INDUSTRY. THE 1.2 KW UNIT HAS SUFFICIENT CAPACITY TO COOL 20
LADDERS THAT USE A PLENUM THAT CONSISTS OF 4 LONG TUBES, EACH 2.5 CM (ID) IN DIAMETER (RED



SQUARE), BUT IT DOES NOT HAVE ENOUGH CAPACITY TO COOL THE LADDERS IF THEY ARE MOUNTED ON
THE END OF 0.8 CM TUBES (RED TRIANGLE). ..cutteiuteiitesiieeiienitteteesiteenteesisesnteesssesnseesssesnseesseesnseesseesnnes 70

FIGURE 65: MODEL RP-116 VACUUM SUPPLY FROM ‘THE DUST COLLECTOR SOURCE’. THE UNIT IS ABOUT
THE SIZE OF A TWO-DRAWER FILE CABINET AND ITS PERFORMANCE SPECIFICATIONS ARE SHOWN IN

FIGURE O4. ... ettt e et e e e e ettt e e e e e et aeeeeeeettaeeeeeeetaaeeeeeenatreeeeeans 70
FIGURE 66: ANALOG TRACE OF A MODULE BEING READ OUT AT DIFFERENT SEEDS. THE RED ARROW SHOWS A
STABLE LOCATION THAT IS SUITABLE FOR THE ADC TO SAMPLE......ccuttiiiiiiiiiiieieieeeieeeeeeieiinesieseeneeeeees 71

FIGURE 67: TEST OF READING OUT MODULES AT THE DESIGN SPECIFICATION OF 5 MHZ. MODULES 1 AND 14
ARE ON OPPOSITE SIDES OF THE LADDER. THE READ ARROW SHOWS A TIME SLOT WHERE A SAMPLE CAN
BE TAKEN. 1..etetittetteettette ettt esttesite e ttesate e beeeateebeeeateenbeesateesbeesateeabeesateeabeesaseenteessbeenseesebeenbeenseesnbeenseesans 72

FIGURE 68: CUT-AWAY OF THE STAR MAGNET SHOWING THE PXL, IST, SSD, AND FGT DETECTORS. A
PERSON IS SHOWN INSERTING THE PXL DETECTOR SYSTEM BY STANDING ON A PLATFORM AND USING

THE PXL INSERTION BOX. ....ceeitttieeeeeiiureeeeeeeiitreeeeeeeiiseeeeeeeeitseeseseesissseeseesessssseesesssseeseesissseseensissseesenans 75
FIGURE 69: SCHEMATIC VIEW OF THEIDS AND MSC ... ..ottt 77
FIGURE 70: SCHEMATIC VIEW OF THE MSC TO OSC TRANSITION. ..... WGT7
FIGURE 71: E-FIELD SHROUD. ......ceeitttttteeeeeitueteeeeeeireeeeeeeiisseeeeeeeetsseseseestssseeseesissseesessessseseseeesisssesesesssseeesesans 80
FIGURE 72: WSC ON MANDREL AFTER BEING REMOVED FROM THE AUTOCLAVE .........ccooovtiiiiiiiniriiiieeeeeees 81
FIGURE 73: DEFORMATION IS THE CONE STRUCTURE FOR 100 KG LOAD CANTILEVERED 10CM. .. .. 82
FIGURE 74 : FIRST ARTICLE TRANSITION CONE AFTER THE CURING IS COMPLETE. MACHINING REMAINS TO BE

DONE. ... tteeee e ettt e eec e e e et ettt e e e eeetaeeeeeeeetreeeeeeettaateeeeeatartaeeeaaaataeeeeaatreeeeeaaatataeeeeatareeeeeaatrreaeeaans 83
FIGURE 75: NUMBER OF BOLTS.....ccituttttieeieittttteeeeeireeeeeeeiireeeeeeeeissseeeseesssseeeseesesseesessessesesesenissseeesessissesesesans 83
FIGURE 76: END OF THE WSC SHOWING THE ALUMINUM TERMINATION RING, THE STIFFENING PLATE, AND

THE ATTACHMENT POINTS FOR SUSPENSION FROM THE TPC WHEEL.......uuuuuiiiiiiiiiiiiieiiiieeeeeeeeeeeeeeeeennns 84
FIGURE 77: MIDDLE SUPPORT CYLINDER. ......ccccittiuttteeeeeiiureeeeeeeiiteeeeeeeesaeeeeseesisseesessessseseeseesisssesesessisssseseenns 86
FIGURE 78: MAX OSC DEFLECTION, FULL COMPOSITE MATERIAL DEFINITION, FINAL AS-BUILT

GEOMETRY . ..ceieottttiee e e ettt e e e et e e e ettt e e e e e e ttae e e e e eetaeeeeeeeetaeeeeeeeeaasaeeeeaasaeeeeeeeasssseeeeentsseeesenaareeeeenans 87
FIGURE 79: POSITION AND STABILITY REQUIREMENTS OF THE FORWARD GEM TRACKER......ccccuvvvvvvvreeeenens 87
FIGURE 80: VIBRATION AND RESPONSE AS A FUNCTION OF GRAVITY SAG (RMS MAGNITUDE ON RIGHT IN

IMICRONS). 1 ttteeeiteee sttt eetteeeetteeeseseeeestseeestsaeassseaaassseaasssaaassseeasssaeesssesaassseeanssasssssaeanssesanssseesnsseennssesensses 88

FIGURE 81: NUMERICAL CONVOLUTION OF IDEALIZED SHO OF EQUIVALENT Q WITH PSD MEASURED IN

FIGURE 83: SMALL DIAMETER BEAM PIPE WITH BE MID-SECTION. .......cccoiutieiiireeireeeniieeesereeennreesssseessesesennns 91

FIGURE 84: LEFT: DISTRIBUTION OF THE NUMBER OF DEPOSITED ELECTRONS ON PIXELS FROM A CHARGED
PION WITH 45 DEGREES INCIDENT ANGLE FROM THE SLOW SIMULATOR. RIGHT: PROFILE OF THE
FRACTION OF DEPOSITED NUMBER OF ELECTRONS FROM SIMULATION (BLUE) AND DATA [29] (RED). .. 98



List of Tables

TABLE 1: POINTING RESOLUTION OF THE TPC AND HFT DETECTORS AT INTERMEDIATE POINTS ALONG THE
PATH OF A 750 MEV KAON AS IT IS TRACKED FROM THE OUTSIDE — IN......vvvvieeiiiiirieeeeeeineeeeeeeinneeeeeenns 16

TABLE 2: RADIATION FIELD IN KRAD IN THE CENTER OF STAR EXTRAPOLATED TO RHIC II LUMINOSITIES
FOR DIFFERENT RADIAL POSITIONS FOR 12 WEEKS OF RUN TIME FOR THE RADII OF PXL LAYER 1, THE
IST, AND THE SSD . ...ttt ee et e e e et e e e e et ae e e e e eeeataeeeeeeetaaeeeeennatreeeeeens 18

TABLE 3: PERFORMANCE PARAMETERS FOR THE PXL DETECTOR. ..... .. 19
TABLE 4: PRELIMINARY ESTIMATE OF HEAT LOAD ON THE CHILLER FOR THE PXL AIR COOLING SYSTEM. ... 25
TABLE 5: SPECIFICATIONS OF THE PHASE-1 AND ULTIMATE SENSORS. ...ovviiiieiitiieeeeeiitreeeeeeesiereeeeeeeenneeeeeens 28
TABLE 6: PARAMETERS USED TO CALCULATE SIMPLE DATA RATES FROM A PHASE-1 BASED SYSTEM. ......... 36
TABLE 7: PARAMETERS USED TO CALCULATE DATA RATES FROM AN ULTIMATE SENSOR BASED SYSTEM. ... 37
TABLE 8: SPECIFICATIONS FOR THE IST . ..oiiiiiiiiiiii ittt ettt ettt e e e e etaeeestbeeesaaseesntaaeeeseeennns 44
TABLE 9: COOLING SYSTEM SPECIFICATIONS FOR THE IST.......ccoiiiiiiiiiiiiiecit ettt 54
TABLE 10: SUMMARY OF THE COULING TEST RESULTS FOR TWO IST LADDERS IN SERIES. .......c.cccccoevvveeeeennn. 56
TABLE 11: SUMMARY OF SSD CHARACTERISTICS AND PERFORMANCE. .......cccutiieiiieiiieeenirieeeieeessreeeneveeenns 60
TABLE 12: ESTIMATED POWER CONSUMPTION FOR ONE LADDER. ........ccoiiiiieiiiieeiieeeniieeesreeesneeessseeeneseeennns 66
TABLE 13: MEAN ELECTRONICS TEMPERATURES MEASURED ON THE 2002 PROTOTYPE LADDER WITH
COOLING ‘OFF’. THE AMBIENT AIR TEMPERATURE WAS 19°%C. ....ooiiiiiiiiieee e 66
TABLE 14: MEAN ELECTRONICS TEMPERATURES MEASURED ON THE 2002 PROTOTYPE LADDER WITH
COOLING ‘ON’. THE AMBIENT AIR TEMPERATURE AND INPUT AIR TEMPERATURE WAS 19°C. .............. 67

TABLE 15: MEAN TEMPERATURES MEASURED AT VARIOUS POINTS ALONG THE 2002 PROTOTYPE LADDER
WITH THE COOLING SYSTEM TURNED ON. THE COLUMN ON THE LEFT IDENTIFIES THE WAFER NUMBER.

TABLE 16: SSD SERVICES PARAMETERS. THE TOTAL AREA IS CALCULATED IN SQUARE CENTIMETERS, NOT
ACCOUNTING FOR PACKING FRACTION. THE DIAMETER OF THE AIR-COOLING IS TAKEN FROM THE SIZE

OF THE ORIGINAL SSID DESIGN. ....cceiiiiutiieeeiiiireeeeeeeiieeeeeeeeitaeeeeeeeeiaaeeeseesesseseeeseesrsseeeeesssssesesensissseeeenans 72
TABLE 17: THE LEVEL 3 WBS SECTIONS OF GLOBAL STRUCTURES AND INTEGRATION. .....ccooovunrnvrrereeeeenens 74
TABLE 18: INSTALLATION GOALS PLANNED FOR THE SUMMER SHUTDOWNS. .....cccoiiiiiiiiiiiniiiiiinisirereneneeeeens 76
TABLE 19: LIST OF THE MAIN SUPPORT STRUCTURES FOR HFET . ....oviiiiiiiiiiiiiiiiiiieeeeeeeee e 76
TABLE 20: DESIGN REQUIREMENTS GIVEN BY STRUCTURE AND DESIGN APPROACH.........ceoeeeeinrrnrrrrineeeenens 78
TABLE 21: LOADS EXTRACTED FROM DETECTOR INTERFACE DOCUMENTS.....ccoitiiiiiiiiiiiieieieeeeseinieieiveeeeeeeeens 79



1. Introduction

The Heavy Flavor Tracker (HFT) is a state-of-the-art micro-vertex detector utilizing active pixel
sensors and silicon strip technology. The HFT will significantly extend the physics reach of the
STAR experiment for precision measurements of the yields and spectra of particles containing
heavy quarks. This will be accomplished through topological identification of mesons and
baryons containing charm quarks, such as D° and A, by the reconstruction of their displaced
decay vertices with a precision of approximately 30 um in p+p, d+A, and A+A collisions. The
combined measurements of directly identified charm hadrons and of the total non-photonic
electrons will enable the measurement of bottom production at RHIC, including the bottom
production cross section, the nuclear modification factor and the collectivity of the decay
electrons.

The HFT consists of 4 layers of silicon detectors grouped into three subsystems with different
technologies, guaranteeing increasing resolution when tracking from the TPC towards the vertex
of the collision. The Silicon Strip Detector (SSD) is an existing detector in double-sided strip
technology. It forms the outermost layer of the HFT. The Intermediate Silicon Tracker (IST),
consisting of a layer of single-sided strip-pixel detectors, is located inside the SSD. Two layers of
silicon pixel detector (PXL) are inside the IST. The pixel detectors have the resolution necessary
for a precision measurement of the displaced vertex. With the HFT, the Time-of-Flight detector,
the TPC, and the Barrel Electromagnetic Calorimeter STAR will study the physics of mid-
rapidity charm and bottom production.

The pixel detector will use CMOS Active Pixel Sensors (APS), an innovative technology never
used before in a collider experiment. The APS sensors are 50 um thick with the first layer at a
distance of only 2.5 cm from the interaction point. This opens up a new realm of possibilities for
physics measurements. In particular, a thin detector (0.37% of a radiation length per layer) in
STAR makes it possible to do the direct topological reconstruction of open charm hadrons down
to very low transverse momentum by the identification of the charged daughters of the hadronic
decay.



2. Physics Motivation

Heavy quark measurements are a key component of the heavy ion program at RHIC as it moves
from the discovery phase to the systematic characterization of the dense medium created in heavy
ion collisions. The primary motivation for the HFT is to extend STAR’s capability to study
heavy flavor production in p+p, p+A, and A+A collisions by the measurement of displaced
vertices and the direct topological identification of open charm hadrons. The yield and
distribution of bottom hadrons will be estimated from charm production and non-photonic
electron measurements and also via the impact parameter reconstruction of their decay electrons.
The primary physics topics to be addressed by the HFT include heavy flavor energy loss, flow,
and a test of partonic thermalization at RHIC. These measurements have been identified as
necessary goals for the RHIC program in the Nuclear Physics Long Range Plan and in the RHIC
mid-term scientific plan.

From a precise measurement of the spectra and the production ratios of the majority of charm
hadron states, we will be able to extrapolate to the total yield for charm quark production.
Furthermore, the open charm production rate is high enough at RHIC that the coalescence process
becomes relevant for charmonium production. Knowledge of the total production cross-section
for charm quarks is also essential as a baseline for J/Ap measurements.

In the following we will briefly review the status of HFT simulations with respect to key
measurements that STAR will be able to perform in the first three years of HFT operation.

2.1. Charm Flow

At RHIC partonic collectivity has been well established via the measurements of hadrons
containing light quarks (u, d, and s). Recent v, results from multi-strange hadrons, ¢ mesons and
Q baryons, further confirm this important discovery.! Charm quarks are abundantly produced at
RHIC energies. Due to their large mass and small interaction cross-section, the strength of
elliptic flow of heavy flavor hadrons may be a good indicator of thermalization occurring at the
partonic level. All quarks in heavy flavor hadrons flowing with the same pattern as the quarks in
the light flavor hadrons, would indicate frequent interactions between all quarks. Thus,
thermalization of light quarks is likely to have been reached through partonic re-scattering.

Since flow is a hydrodynamic phenomenon, the low pr region is most relevant for studies of
collectivity. Generally, data and hydro predictions agree up to about 1.5 GeV/c pr, beyond which
point data deviate from the hydro prediction. In Figure 1 we present the precision of a v,
measurement for D’ that can be achieved within the first year of Au+Au data taking with the
HFT by analyzing 500 million minimum-bias events. The red and green lines represent the
results from model calculations® based on a coalescence assumption.” The red line assumes that
charm quarks have the same flow strength as the light quarks, whereas the green line assumes that
charm quarks do not flow. The error bars of the data points on the red and green lines represent
the statistical errors the HFT measurement will have, assuming that the production follows either
line. The blue (dotted) line shows the low p; hydro prediction for the D° mass* and the purple
line represents the charged hadron v, measured by STAR.

Figure 1 clearly shows that the HFT will make a significant measurement that can determine from
the low pr end of the distribution, if charm quarks flow or not. It also clearly shows that the
simple coalescence model from Reference [2] is not a good description of the data at high pr.
The model values saturate at high pr, whereas the data decrease after 3 GeV/c. The model has no
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predictive power at high pr since it only assumes coalescence and does not include other effects,
like parton energy loss. The model uses light quark momentum distributions and for the heavy
quark either non-interacting distributions (no flow) or completely thermalized distributions with
transverse expansion (flow). There is no realistic model on the market that would give
quantitative guidance for v, values at low pr and realistic predictions for v, at high pr
simultaneously,
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Figure 1: Elliptic flow (v,) as a function of p; in Au+Au collisions at 200 GeV. The red and the green
curves show calculations from Ref. [2] for the limiting cases that the charm quark flows like the light
quarks and that the charm quark does not flow in a coalescence model. The error bars of the data
points represent the statistical errors the HFT measurements will achieve. The purple curve shows
the measured v, value for charged hadrons.

It is also important to note that a measurement of v, of the non-photonic electrons from the semi-
leptonic decay of charm hadrons cannot make a decisive contribution to the problem of
thermalization. From kinematics we know that the parent pr is not known to better than 3 GeV/c
if only the electron py is measured. As argued above, only a measurement at low pr (<2.5 GeV/c)
will be able to settle this important question.

2.2,

The discovery of a factor of 5 suppression of high p; hadrons (5 < pr < 10 GeV/c) produced in
central Au+Au collisions at RHIC and the disappearance of the away-side jet has been interpreted
as evidence for jet quenching.’ This effect was predicted to occur due to radiative energy loss of
high energy partons that propagate through a dense and strongly interacting medium.® The
energy loss of heavy quarks is predicted to be significantly less compared to light quarks because
of a suppression of gluon radiation at angles ® < M, /E, where M, is the heavy quark mass and E
is the heavy quark energy. This kinematic effect is known as the “dead cone” effect.” However,

Heavy Quark Energy Loss
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a recent measurement of the nuclear modification factor,”” R,,, for non-photonic electrons, the
products of charm and bottom hadron decay, yielded the surprising result that heavy quarks may
also be strongly suppressed in the medium. This clearly indicates that the energy loss mechanism
is not yet understood. This fact has triggered new theoretical developments.'"'* In order to make
progress in understanding the nature of the energy loss mechanism, it is important to measure Ry,
or R¢p for topologically reconstructed D mesons.
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Figure 2: Expected errors for the R, measurement as a function of p.

Figure 2 shows the precision for Rep that can be achieved with 500 M minimum-bias events in
STAR with the HFT under the assumption that the suppression for heavy quarks is of the same
size as the suppression for the light quarks. With the HFT STAR will be able to perform a
precision measurement of R, of D mesons.

2.3.

In central Au+Au collisions at RHIC, a baryon to meson enhancement has been observed in the
intermediate py region (2 < pr < 6 GeV/c)."'* This is explained by a hadronization mechanism
involving collective multi-parton coalescence rather than independent vacuum fragmentation.’
The success of the coalescence approach implies deconfinement and the development of
collectivity of the light quarks prior to hadronization. A similar pattern of baryon to meson
enhancement is expected in the charm sector.” The A/D’ ratio is the most promising candidate
for such an observation. The A, is the lightest charmed baryon and its mass is not far from that of
the D’ meson. A./D” enhancement is also believed to be a signature of a strongly coupled quark-
gluon plasma.'

A -Baryons

Figure 3 shows the expected statistical errors of the ratio of A to D° production for different
assumptions about the production mechanism as a function of py. The discrimination should be

made between estimated errors and the two scenarios of A /D" ratio, not between the two sets of
estimated errors. The significance of this discrimination is in the range of 2 to 4 sigma in the case
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of an enhanced ratio and about 4 to 6 sigma in the extreme case of no-enhancement. The error
bars shown in Figure 3 can be achieved with a total statistics of 250 M central events and 2000 M
minimum bias events. This will require 3 years of Au+Au running at 200 GeV.
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Figure 3: Expected statistical errors of the ratio of A to D’ production for different assumptions
about the production mechanism.

A A/D° enhancement could be an explanation'’ for the observation of the unexpectedly large
suppression of high-py electrons from semi-leptonic charm and bottom decays.” The branching
ratio of charm baryons and mesons into semi-leptonic decays is quite different. An enhanced
baryon production will lead to apparent electron suppression. This again points out the necessity
to topologically reconstruct charm hadrons and the limitations of the measurement of non-
photonic electrons.

24. B-Mesons

B mesons can be identified with the methods developed for D mesons. At RHIC energies the
dominant problem is the fact that the production rates are low. On the other hand, B mesons
contribute to all measurements that are not based on topological reconstruction. In particular, the
spectrum of non-photonic electrons is expected to have a substantial contribution from B decay.
In fact, at transverse momenta above about 4 to 6 GeV/c of the decay electrons B decays are
expected to dominate. Current measurements using non-photonic electrons as a measure of the
abundance of charm and bottom hadrons indicate that the energy loss for heavy quarks is
unexpectedly high and inconsistent with our current understanding of pQCD models. Based on
the non-photonic electron data the theory of heavy quark energy loss is uncertain and may be
completely wrong, especially with regards to bottom. The ability to separate and identify charm
and bottom contributions is of crucial importance for such measurements.

The contributions from D and B decays can be determined through an unfolding procedure due to
the fact that D and B mesons have different life times. Since the individual D states have greatly
different life times, their relative abundance also needs to be known. However, if in heavy ion
reactions the abundances are modified, precision unfolding becomes impossible.
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Figure 4 shows the estimated precision for a measurement of R of electrons from D (red) and B
(blue) decay separately as a function of pr, where we assume the respective Rep (dotted curves)
from a theoretical calculation of the T-matrix approach to heavy quark diffusion in the QGP."
For low pr, Rep and the expected errors are calculated from 500M Au+Au minimum bias events
(open symbols). For high py a “high tower” trigger sampling 500 ub™ luminosity (filled symbols)
is used.
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Figure 4: Nuclear modification factor R, of electrons from D meson and B meson decays. Expected
errors are estimated for 500 M Au+Au minimum-bias events (open symbols) and 500 ub"' sampled
luminosity with a “high tower” trigger (filled symbols).
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3. Technical Design

3.1. Requirements and Detector Design

The HFT will extend the STAR physics capabilities to the identification of short-lived particles
containing heavy quarks through reconstruction and identification of the displaced vertex at mid-
rapidity. STAR has 2n azimuthal coverage and to match this, the HFT is required to have 2n
azimuthal coverage.

In order to identify short displaced vertices the HFT is required to have excellent pointing
resolution of the order of 50 um. A two-layer high-resolution vertex detector placed close to the
interaction vertex can achieve good pointing resolution. In the high-multiplicity environment of
heavy ion collisions, the HFT also needs to provide excellent tracking resolution in order to
connect tracks identified in the TPC with the corresponding hits in the vertex detector. The
resolution of the TPC is not good enough to assign hits in the vertex detector to identified
particles with high efficiency. Thus the HFT needs to provide intermediate tracking in the region
between the TPC and the vertex detector. We also require redundancy in the design.

SsD
30 IST / Beampipe

Bi;(tee-lctor Q QQ

1 20

1 .30

Figure 5: A schematic view of the Si detectors that surround the beam pipe. The SSD is an existing
detector and it is the outmost detector shown in the diagram. The IST lies inside the SSD and the
PXL lies closest to the beam pipe.

These requirements lead to the HFT design of 4 layers of silicon detectors distributed in radius
between the interaction point and the TPC. Figure 5 shows the radial distribution of the four
layers. The inner two layers, the PXL, lay at 2.5 and 8 cm, the IST lays at 14 cm and the SSD at
22 cm. A schematic view of the different HFT layers between the beam pipe and the inner field
cage of the TPC is shown in Figure 6.
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SSD at r=22cm =
PIXEL at r=2.5cm and r=8cm

IST at r=14cm

Figure 6: Schematic view of the different layers of the HFT.

The pointing resolution that can be achieved with a given system has two components, a
contribution from detector resolution and a contribution from the effects of multiple scattering.
Using low radiation length material, in particular between the interaction point and the second
layer of the detector, can minimize multiple scattering. The HFT requirements are that the PXL
and the beam pipe be as thin as technically possible and that the first detector layer be as close to
the interaction point as technically feasible.

In order to meet those requirements, STAR needs a new beryllium beam pipe with a radius of
2cm. The integrated radiation length from the interaction point to the outside of the PXL
detector is smaller than 1 % of a radiation length.

Graded Resolution from the Outside - In Resolution (o)
TPC pointing at the SSD (22 cm radius) ~ 1 mm
SSD pointing at IST (14 cm radius) ~ 400 um
IST pointing at PXL-2 (8 cm radius) ~ 400 um
PXL-2 pointing at PXL-1 (2.5 cm radius) ~ 125 um
PXL-1 pointing at the vertex ~ 40 um

Table 1: Pointing resolution of the TPC and HFT detectors at intermediate points along the path of a
750 MeV kaon as it is tracked from the outside — in.

Table 1 gives an overview of the pointing resolution at intermediate points along the path of a 750
MeV kaon as it is traced back from the TPC to the vertex. Good resolution at the intermediate
points is necessary to resolve ambiguous hits on the next layer of the tracking system with high
efficiency.
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Good pointing resolution can overall only be achieved if the individual detectors guarantee a
long-term mechanical stability and reproducibility that is of the order of the resolution of the
detector. The numbers used to guide the baseline design are:

« PXL 20 um
e IST 300 um
« SSD 300 um

An important requirement is that the HFT be able to be read out with a frequency that is
compatible with STAR DAQ, i.e. 1000 Hz. All sub-detectors are read out individually and their
readout needs to fulfill this condition. The IST and the SSD are fast detectors and achieving this
readout speed with appropriate electronics is trivial. The sensors of the PXL detector on the other
hand have a slow readout time of the order of 100 us. The individual pixels are always live and
the sensors keep a memory of all tracks that pass through them during one readout cycle. This
leads to pile-up of tracks that do not belong to the triggered event. Pile-up is unavoidable in this
technique. With extensive simulations of the SSD, IST, and PXL detectors, we have shown that
even at RHIC II luminosities the effects of pile-up are minimal if the readout time of the PXL
sensors is smaller than 200 us. This leads to the requirement that the readout time of the PXL
sensors should be 200 us or smaller.

The HFT needs to operate under RHIC II conditions and luminosities. The outer layers (IST and
SSD) are required to operate for 10 years in this radiation field without degradation of
performance in terms of efficiency. The PXL layers of the HFT are retractable and can be
replaced in case of damage. The PXL layers need to operate for one year under the highest RHIC
IT luminosities without appreciable deterioration of the detection efficiency.

Calibration of a micro-vertex detector is very elaborate and time-consuming. The concept of
replacing a detector within the short time span required for the HFT can only work, if the new
detector is calibrated internally on the bench and if this calibration can be transferred to the
inserted detector. This is a very important requirement for the PXL sub-detector.

The first layer of the HFT lies very close to the interaction vertex in a very high radiation field.
We require that the innermost sensors can operate during an entire RHIC year at the highest
RHIC II luminosities without a noticeable drop in efficiency. The location close to the beam is
also prone to potentially catastrophic failure of the silicon in case of unintended and uncontrolled
excursions of the beam from its nominal orbit. For the case of catastrophic failure or diminished
efficiency due to high radiation, we want to be able to replace the PXL detector with a new, fully
functioning copy of the detector and so it is a requirement that the PXL detector can be
exchanged within one working day.

It is very important to understand the radiation environment the HFT will encounter. We have
performed measurements of the radiation in the center of STAR that is generated from collisions
and from background and the process of ramping the machine. The expected radiation dose in
krad is given for the different detector radii for a 12 week run of Au+au at 200 GeV and for p+p
at 500 GeV in Table 2. For the different radii we quote the radiation dose that is generated from
collisions (Physics) and the total estimated rate. For the innermost radius, we also specify the
dose expected from collisions and from production by colliding electromagnetic fields (UPC).
The physics rate is calculated from interaction rates and cross sections. The estimated maximum
doses are consistent with measurements performed by PHENIX in 2006.”
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Radius | 200 GeV | 200 GeV | 500 GeV | 500 GeV
[cm]

Au+Au | Au+Au p+p p+p

Max Min Max Min

Physics 2.5 28 53 133 29
Physics+UPC 2.5 60 11 --- --
Total 25 88 17 267 58
Physics 14 1 02 4 1
Total 14 2 0.3 9 2
Physics 22 04 0.1 2 04
Total 22 1 0.1 3 1

Table 2: Radiation field in krad in the center of STAR extrapolated to RHIC II luminosities for
different radial positions for 12 weeks of run time for the radii of PXL layer 1, the IST, and the SSD.
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3.2. The Pixel Detector (PXL)

The PXL detector is a low mass detector that will be located very close to the beam pipe. It
consists of two layers of silicon pixel detectors, one layer at 2.5 cm average radius and the other
at 8.0 cm average radius. The PXL has a total of 40 ladders, 10 in the inner layer and 30 in the
outer layer. Each ladder contains a row of 10 monolithic CMOS detector chips and each ladder
has an active area of ~19.2 cm x ~1.92 cm. The CMOS chips contain a ~1000 x ~1000 array of
20.7 wm square pixels and will be thinned down to a thickness of 50 um to minimize multiple
coulomb scattering (MCS) in the detector. The effective thickness of each ladder is 0.37% of a
radiation length. The relevant performance parameters for the pixel detector are shown in Table
3. Note that this table contains parameters that reflect an optimal performance of the detector.
They are different from the CD-4 parameters.

Pointing resolution (13 ® 22GeV/p-c) um
Lavers Layer 1 at 2.5 cm radius
e Layer 2 at 8 cm radius
Pixel size 20.7 um x 20.7 um
Hit resolution 10 um rms
Position stability 6 um (20 um envelope)
Radiation thickness per layer X/Xy=0.37%
Number of pixels ~356 M
Integration time (affects pileup) <0.2ms
Radiation tolerance 300 kRad
Rapid installation and replacement to cover radiation Installation and reproducible
damage and other detector failure positioning in less than 24 hours

Table 3: Performance parameters for the PXL detector.

3.2.1. Mechanical Design of the PXL Detector

The mechanical design is driven by the following design goals:
* Minimize multiple coulomb scattering, particularly at the inner layer
* Locate the inner layer as close to the interaction region as possible
* Allow rapid detector replacement
* Provide complete spatial mapping of the PXL from the beginning

The first two goals, multiple coulomb scattering and minimum radius, set the limit on pointing
accuracy to the vertex. This defines the efficiency of D and B meson detection.

The third goal, rapid detector replacement, is motivated by the recognition of difficulties
encountered in previous experiments with unexpected detector failures. This third goal is also
motivated by the need to replace detectors that may be radiation damaged by operating so close to
the beam.
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The fourth goal, complete spatial mapping, is important to achieve physics results in a timely
fashion. The plan is to know, at installation, where each pixel is located with respect to each
other to within 20 microns and to maintain the positions while installed in STAR.

An overview of the pixel detector is shown in Figure 7. PXL consists of two concentric barrels of
detector ladders, which are 20 cm long. The inner barrel has a radius of 2.5 cm and the outer
barrel has an 8 cm radius. The barrels separate into two halves for assembly and removal. In the
installed location both barrel halves are supported with their own three-point precision kinematic
mounts located at one end. During installation, the support for the detector is provided by the
hinge structures mounted on a railed carriage. Cooling is provided by air flowing in from one end
between the two barrel surfaces and returning in the opposite direction over the outer barrel
surface and along the inner barrel surface next to the beam pipe.

The design of the mechanical components is presented in the following sections. Related
structural and cooling analysis is covered in the HFT CDR document.”

Figure 7: Overview of the PXL detector mechanics showing detector barrel, support structures and
insertion parts.

Detector Ladder Design

The mechanical support for the detector chips is arranged in ladders. 10 chips in a row form a
ladder. An exploded view of the mechanical components is shown in Figure 8. The thinned
silicon chips are bonded to a flex aluminum Kapton cable which is in turn bonded to a thin carbon
composite structure. All electrical connections from the chips to the cable are done with a single
row of wire bonds along one edge of the ladder. The carbon composite sheet, which is quite thin,
will only be of sufficient thickness for handling the chips and for heat conduction. Stiffness and
support of the ladder are provided by the support beam. Parts are aligned and held in place with
vacuum chuck tooling for bonding. Fifty micron soft, pressure sensitive acrylic adhesive 200MP
by 3M is used to make the bonds. A method has been developed' which uses a 4 bar pressure
vacuum bag and the pressure of an autoclave to remove bond voids and to stabilize the bond. The
low elastic modulus of the adhesive is an important component in the design as it greatly reduces
bi-metal type deformations stemming from differential expansion caused by thermal changes and
humidity changes. This is discussed in more detail in the HFT CDR document.”'

Mechanical prototypes of the ladder and support structure have been built and tested showing that
they meet both structural stability and thermal requirements.

" http://sseos.lbl.gov/hft/hardware/docs/film_adhesive_progress_report.pdf
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Figure 8: Exploded view of the ladder showing components. The silicon is composed of 10 square
chips. It is shown here as a continuous piece of silicon, the way it has been modeled for analysis.

Ladder Support System

A critical part of the ladder support is the thin carbon composite beam which carries one inner
ladder and three outer ladders as shown in Figure 9. The beam, which is an adaptation of the
ALICE pixel detector design, provides a very stiff support while minimizing the radiation length
budget. Significant stiffness is required to control deformations from gravity, cooling air forces
and differential expansion forces from both thermal and humidity variations. The composite
beam carries a single inner ladder and three outer ladders. Ten of these modules form the two
barrel layers. The beam, in addition to its support function, provides a duct for cooling air and
adds cooling surface area to increase the heat transferred from the silicon chips. By making the
beam from high strength and high thermal conductivity carbon fiber the wall thickness can be as
thin as 200 microns and still satisfy the strength and heat transfer requirements. The final
thickness however, is limited by fabrication challenges. A forming method has been developed
which uses a single male mandrel with vacuum bagging. We have constructed a seven-layer, 244
micron thick, carbon composite beam using a female mandrel which satisfies our requirements.

The ladders will be glued to the beam using low strength silicon adhesive as was done in the
ATLAS pixel design. This adhesive permits rework replacement of single ladders.

Support of the sectors (beam with ladders) is done in two halves with 5 sector beams per half
module shown in Figure 10. The sector beams are attached to a carbon composite D-tube with
precision dove tail mounts for easy assembly and replacement. The D-tube supports the 5 sector
beams and conducts cooling air to the sectors.

Kinematic Support and Docking Mechanism

When the pixel detector is in its final operating position it is secured at 3 points with precision
reproducible kinematic mounts to the Inner Support Cylinder (ISC) as shown in Figure 11.
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Figure 9: Thin wall carbon support beam (green) carrying a single inner barrel ladder and three
outer barrel ladders. The beam in addition to supporting the ladders provides a duct for conducting
cooling air and added surface area to improve heat transfer to the cooling air.

Kinematic
Mounts

D Tube

Sectortube

Figure 10: Half module consisting of 5 sector beam modules. The sector beam modules are secured
to a carbon composite D tube using a dovetail structure, which permits easy replacement of sector
modules. Carbon composite parts are shown in green for greater visibility.

22



Figure 11: Detector assembly in the installed position supported with three kinematic mounts.

Insertion Mechanism and Installation

The mechanics have been designed for rapid installation and replacement. Installation and
removal of the pixel detector will be done from outside of the main STAR detector with
minimum disruption to other detectors systems. This will be done by assembling the two halves
of the detector on either side of the beam pipe on rails outside of the STAR magnet iron. The
detector carriage will be pushed into the center of STAR along the rails until it docks on the
kinematic mounts. As shown in Figure 12 and Figure 13, the hinged support structure is guided
by cam followers to track around the large diameter part of the beam pipe and close down at the
center into the final operating position. Once the detector is docked in the kinematic mounts the
hinged support from the carriage is decoupled allowing the kinematic mounts to carry the light-
weight detector system with a minimum of external forces affecting the position of the detector
barrels. The external loads will be limited to the cables and the air cooling ducts. The cables are
loosely bundled twisted pairs with 160 micron conductor plus insulation, so this load should be
minimal. The two inch cooling ducts will be the greater load and 