
Partile Traking with a Thin Pixel TelesopeMaro Battaglia1;2 , Devis Contarato2, Piero Giubilato2;3,Lindsay Glesener2, Leo Greiner2, Benjamin Hooberman21- University of California - Dept of Physis, Berkeley, CA - USA2- Lawrene Berkeley National Laboratory, Berkeley, CA - USA3- Istituto Nazionale di Fisia Nuleare and Dip. di Fisia, Padova, ItalyWe report results on a traking performane study performed using a beam telesopemade of 50 �m-thik CMOS pixel sensors on the 1.5 GeV eletron beam at the LBNLALS.1 The Thin Pixel Prototype TelesopeThe antiipated ILC physis program indiates that identi�ation of heavy fermions withhigh eÆieny and purity is of primary importane. The requirements in terms of trakextrapolation auray are ' 5 �m � 10 �mpt (GeV) . The Vertex Traker design and the sensorR&D is driven by this requirement. CMOS pixel sensors are an attrative option for the ILCVertex Traker. In partiular, they an be bak-thinned to 50 �m or less, without signi�antperformane deterioration [1℄.While there has already been some experiene with the reonstrution of well-isolated,high momentum partiles with monolithi pixel sensors [2, 3℄, no data exists on low mo-mentum partile traking with thin pixel sensors with oupany onditions omparable tothose expeted at the ILC. We present here results obtained with a Thin Pixel PrototypeTelesope (TPPT) on the 1.5 GeV e� beam at the LBNL Advaned Light Soure (ALS)aelerator omplex. The TPPT is the �rst beam telesope made of thinned CMOS pixelsensors. It onsists of three planes of thin pixel sensors (layers 1 to 3), eah spaed by17 mm. One additional detetor (layer 4) is added 17 mm downstream of the third layer.The MIMOSA 5 hip [4, 5℄, developed at IPHC in Strasbourg, Frane, has been seleted forthe TPPT. This hip, fabriated in the 0.6 �m AMS proess, features a large ative area of1.7�1.7 m2 and more than 1 M pixels. The epitaxial layer is 14 �m thik and the pixelpith 17 �m.One setor of eah MIMOSA 5 hip, orresponding to a 510�512 pixel array,is readout through a ustom FPGA-driven aquisition board. The beam spill onsists of asingle bunh with a repetition rate of 1 Hz and the extration signal is used as a trigger.For eah spill we aquire three frames, one before the partiles arrive on the TPPT. Four14 bits, 40 MSample/s ADCs simultaneously read the four sensors, while an array of digitalbu�ers drive all the required loks and synhronisation signals. A 32 bits wide bus on-nets the FPGA to a digital aquisition board installed on a ontrol PC. Data is proessedon-line to perform orrelated double sampling, pedestal subtration, noise omputation andluster identi�ation. To redue the amount of data written to disk only the addresses andpulse heights of the pixels in a �xed matrix around the entre of a luster andidate arereorded. The data is then onverted in the lio format and the o�ine analysis is per-formed by proessors developed within the Marlin framework [6℄. Eah event is sannedfor pixels with pulse height over a signal-to-noise (S/N) threshold of 4.5, these are desig-nated as luster `seeds'. Seeds are then sorted aording to their pulse height values andLCWS/ILC2007



the surrounding, neighbouring pixels are tested for addition to the luster. Pixels with apulse height in exess to 2.0 time the noise are aepted. The neighbour searh is performedin a 5�5 matrix. Clusters are not allowed to overlap and we require that lusters are notdisontinuous, i.e. pixels assoiated to a luster annot be interleaved by any pixel below theneighbour threshold. The point of impat of the partile trak on the detetor is determinedby reonstruting the harge entre-of-gravity of the luster.2 The ALS Beam Test with 1.5 GeV EletronsThe TPPT telesope is operated in an optial enlosure mounted on an optial rail andaligned on the ALS BTF beam line. We report here results of the �rst data taking per-formed in Fall 2006. The temperature was kept onstant during operation at ' 27ÆC byfored airow. The luster S/N averaged on the TPPT layers is 14.5. Due to a dropof the voltage supplied to the hip, one of the planes of the telesope was not fully eÆ-ient during the ALS data taking. Beause of that we also aept partile traks reon-struted on two layers, provided they have a hit on the referene plane within 150 �m.
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Figure 1: Detetor response to 1.5 GeV e�sin data (point with error bars) and in theGeant-4+Marlin simulation and reonstru-tion. The luster signal pulse height (left) andpixel multipliity in a luster (right) are shownfor lusters assoiated to reonstruted parti-le traks.

Detailed simulation of the TPPT has beenarried out, using the Geant-4 pakage [7℄to generate the partile points of impatand energy deposits on the sensitive planes.These have been stored in lio format andused as input to a CMOS pixel simula-tion program implemented in Marlin [8℄.Noise values have been mathed to thosemeasured for the detetors in the tele-sope. Digitised simulation has been passedthrough the same luster reonstrutionprogram as the real data and reonstrutedhits used to �t straight partile traks, afterpattern reognition. The single detetor re-sponse is well reprodued by the simulation.Figure 1 ompares the luster pulse heightand the pixels multipliity in a luster forsimulation and ALS beam test data.The TPPT at the ALS beam-line al-lows us to perform detailed studies of parti-le traking with various, ontrollable, lev-els of trak density under realisti ondi-tions. Data have been olleted at the BTSwith di�erent beam intensities ranging from0.5 partiles mm�2 up to about 5 parti-les mm�2. These partile densities resem-ble those expeted in the ore of hadronijets atps = 500 GeV. In partiular, the dis-tribution of the distane between a hit asso-iated to a partile trak and its losest hitreonstruted on the same layer in the high LCWS/ILC2007



intensity runs at the ALS reprodues that predited by simulation for e+e� ! Z�H0 ! q�qb�bfor MH = 120 GeV at 500 GeV.After data taking, the beam telesope geometry has been surveyed using an optialmetrology mahine. The results of this survey have been used as starting point of thealignment proedure, performed on a sample of approximately 20000 well-isolated partiletraks with four orrelated hits. After alignment, trak andidates have been de�ned bymathing hits on two layers. Eah trak andidate has been extrapolated to the thirdlayer, where the losest hit has been added, if its residual was less than 50 �m. Patternreognition ambiguities have been solved based on the number of assoiated hits and onthe di�erene between the trak slope and the expeted beam slope, determined from thesettings of the beam-line �nal dipoles. Traks have then been re-�tted using a modi�edleast-square, to aount for kinks due to multiple sattering on the measuring planes [9℄and extrapolated to the referene layer, where the residual to the losest reonstrutedhit has been omputed. Sine the beam ontains a fration of lower momentum partiles,whih inreases moving away from the beam axis, only the entral region of the beamwas used and an additional ut was imposed on the residual on the seond oordinate.
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Figure 2: Residual on the vertial oordinate between the ex-trapolated trak position on TPPT �rst layer and the assoiatedhit reonstruted oordinate. The �tted Gaussian urve has awidth of 9.4 �m.

The traking performanehas been haraterisedby the residuals betweenthe extrapolation of atrak reonstruted usingat least two layers andthe point reonstrutedon the referene layer us-ing two di�erent geome-tries. The �rst uses theextrapolation of the trakbak to the �rst layer.This resembles loselythe ase of trak extrapo-lation from the vertex de-tetor to the interationpoint. Using all aeptedtraks we measure aresidual of (9.4�0.2) �m(see Figure 2), whihbeomes (8.9�0.4) �mwhen restriting to three-hit traks. This shouldbe ompared to 6.8 �m obtained from the simulation, whih assumes perfet geometry.Subtrating in quadrature the estimated single point resolution of x �m, we obtain an ex-trapolation resolution of 8.5 �m for a 1.5 GeV partile, whih is onsistent with the impatparameter resolution required for the ILC. The seond geometry adopted extrapolates thetrak on the seond detetor layer. In this ase the multiple sattering e�et is redued byhaving measurements on both side of the extrapolation plane and we measure a residual of(6.9�0.1) �m.Despite the multiple sattering e�et, the extrapolation resolution of the TPPT at theLCWS/ILC2007



ALS is signi�antly smaller than the MIMOSA-5 pixel pith. This allows to perform studiesof luster shape as a funtion of the trak point of impat. We ompared the number ofpixels, along the horizontal oordinate, in lusters reonstruted on the �rst layer whihare assoiated to two sets of traks. In the �rst set traks with extrapolation along the xhorizontal axis within 4 �m from the pixel entre are hosen: the average pixel multipliityis 1.5. In the seond set the trak interepts the detetor more than 8 �m away from thepixel entre: the average pixel multipliity inreases to 2.3.3 The T-966 TelesopeA seond thin pixel telesope (TPPT-2) has been built for use in the T-966 beam testexperiment of the 120 GeV proton beam at the Fermilab MTest faility. The TPPT-2onsists of four layers of 50 �m-thin MIMOSA-5 sensors mounted on new mezzanine ardswith low pro�le omponents and larger lear region in the PC board below hip. The fourlayers are mounted using preision mehanis and are spaed by 15 mm. The hips have beenpositioned on the mezzanine boards using a preision vauum huk whih gives a mountingauray better than 50 �m. Downstream from the TPPT-2, a detetor under test (DUT)an be mounted on a omputer-ontrolled XY stage whih allows to remotely align it to thetelesope. The DUT spaing from the TPPT-2 an be varied from 5 mm to 20 mm. TheTPPT-2 has been tested in May 2007 on a 1.23 GeV e� beam extrated from the ALS. Anaverage S/N of 15.5 has been measured operating at 27ÆC. For the �rst T-966 data taking,planned for July and August 2007, an operating temperature of 20ÆC is foreseen, whih willredue the noise.AknowledgementsThis work was supported by the Diretor, OÆe of Siene, of the U.S. Department ofEnergy under Contrat No.DE-AC02-05CH11231 and used resoures of the National EnergyResearh Sienti� Computing Center, supported under Contrat No.DE-AC03-76SF00098.We are indebted to the sta� of the LBNL Advaned Light Soure for their help and theexellent performane of the mahine.Referenes[1℄ M. Battaglia, D. Contarato, P. Giubilato, L. Greiner, L. Glesener and B. Hooberman, Nul. Instrum.Meth. A 579 (2007) 675 [arXiv:physis/0611081℄.[2℄ S. Stani et al., Nul. Instrum. Meth. A 568 (2006) 181.[3℄ M. Trimpl et al., Nul. Instrum. Meth. A 568 (2006) 201.[4℄ Yu. Gornushkin et al., Nul. Instrum. and Meth. A A 513 (2003), 291.[5℄ G. Deptuh, Nul. Instrum. and Meth. , A 543 (2005) 537.[6℄ F. Gaede, Nul. Instrum. Meth. A 559 (2006) 177.[7℄ S. Agostinelli et al., Nul. Instrum. Meth. A 506 (2003), 250.[8℄ M. Battaglia, Nul. Instrum. Meth. A 572 (2007) 274.[9℄ G. Lutz, Nul. Instrum. Meth. A 273 (1988) 349.
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