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e Berkeley National Laboratory, Berkeley, CA - USA3- Istituto Nazionale di Fisi
a Nu
leare and Dip. di Fisi
a, Padova, ItalyWe report results on a tra
king performan
e study performed using a beam teles
opemade of 50 �m-thi
k CMOS pixel sensors on the 1.5 GeV ele
tron beam at the LBNLALS.1 The Thin Pixel Prototype Teles
opeThe anti
ipated ILC physi
s program indi
ates that identi�
ation of heavy fermions withhigh eÆ
ien
y and purity is of primary importan
e. The requirements in terms of tra
kextrapolation a

ura
y are ' 5 �m � 10 �mpt (GeV) . The Vertex Tra
ker design and the sensorR&D is driven by this requirement. CMOS pixel sensors are an attra
tive option for the ILCVertex Tra
ker. In parti
ular, they 
an be ba
k-thinned to 50 �m or less, without signi�
antperforman
e deterioration [1℄.While there has already been some experien
e with the re
onstru
tion of well-isolated,high momentum parti
les with monolithi
 pixel sensors [2, 3℄, no data exists on low mo-mentum parti
le tra
king with thin pixel sensors with o

upan
y 
onditions 
omparable tothose expe
ted at the ILC. We present here results obtained with a Thin Pixel PrototypeTeles
ope (TPPT) on the 1.5 GeV e� beam at the LBNL Advan
ed Light Sour
e (ALS)a

elerator 
omplex. The TPPT is the �rst beam teles
ope made of thinned CMOS pixelsensors. It 
onsists of three planes of thin pixel sensors (layers 1 to 3), ea
h spa
ed by17 mm. One additional dete
tor (layer 4) is added 17 mm downstream of the third layer.The MIMOSA 5 
hip [4, 5℄, developed at IPHC in Strasbourg, Fran
e, has been sele
ted forthe TPPT. This 
hip, fabri
ated in the 0.6 �m AMS pro
ess, features a large a
tive area of1.7�1.7 
m2 and more than 1 M pixels. The epitaxial layer is 14 �m thi
k and the pixelpit
h 17 �m.One se
tor of ea
h MIMOSA 5 
hip, 
orresponding to a 510�512 pixel array,is readout through a 
ustom FPGA-driven a
quisition board. The beam spill 
onsists of asingle bun
h with a repetition rate of 1 Hz and the extra
tion signal is used as a trigger.For ea
h spill we a
quire three frames, one before the parti
les 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 
lo
ks and syn
hronisation signals. A 32 bits wide bus 
on-ne
ts the FPGA to a digital a
quisition board installed on a 
ontrol PC. Data is pro
essedon-line to perform 
orrelated double sampling, pedestal subtra
tion, noise 
omputation and
luster identi�
ation. To redu
e 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 arere
orded. The data is then 
onverted in the l
io format and the o�ine analysis is per-formed by pro
essors developed within the Marlin framework [6℄. Ea
h event is s
annedfor 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 a

ording to their pulse height values andLCWS/ILC2007



the surrounding, neighbouring pixels are tested for addition to the 
luster. Pixels with apulse height in ex
ess to 2.0 time the noise are a

epted. The neighbour sear
h is performedin a 5�5 matrix. Clusters are not allowed to overlap and we require that 
lusters are notdis
ontinuous, i.e. pixels asso
iated to a 
luster 
annot be interleaved by any pixel below theneighbour threshold. The point of impa
t of the parti
le tra
k on the dete
tor is determinedby re
onstru
ting the 
harge 
entre-of-gravity of the 
luster.2 The ALS Beam Test with 1.5 GeV Ele
tronsThe TPPT teles
ope is operated in an opti
al en
losure mounted on an opti
al 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 byfor
ed air
ow. 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 teles
ope was not fully eÆ-
ient during the ALS data taking. Be
ause of that we also a

ept parti
le tra
ks re
on-stru
ted on two layers, provided they have a hit on the referen
e plane within 150 �m.
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Figure 1: Dete
tor response to 1.5 GeV e�sin data (point with error bars) and in theGeant-4+Marlin simulation and re
onstru
-tion. The 
luster signal pulse height (left) andpixel multipli
ity in a 
luster (right) are shownfor 
lusters asso
iated to re
onstru
ted parti-
le tra
ks.

Detailed simulation of the TPPT has been
arried out, using the Geant-4 pa
kage [7℄to generate the parti
le points of impa
tand energy deposits on the sensitive planes.These have been stored in l
io format andused as input to a CMOS pixel simula-tion program implemented in Marlin [8℄.Noise values have been mat
hed to thosemeasured for the dete
tors in the tele-s
ope. Digitised simulation has been passedthrough the same 
luster re
onstru
tionprogram as the real data and re
onstru
tedhits used to �t straight parti
le tra
ks, afterpattern re
ognition. The single dete
tor re-sponse is well reprodu
ed by the simulation.Figure 1 
ompares the 
luster pulse heightand the pixels multipli
ity 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 tra
king with various, 
ontrollable, lev-els of tra
k density under realisti
 
ondi-tions. Data have been 
olle
ted at the BTSwith di�erent beam intensities ranging from0.5 parti
les mm�2 up to about 5 parti-
les mm�2. These parti
le densities resem-ble those expe
ted in the 
ore of hadroni
jets atps = 500 GeV. In parti
ular, the dis-tribution of the distan
e between a hit asso-
iated to a parti
le tra
k and its 
losest hitre
onstru
ted on the same layer in the high LCWS/ILC2007



intensity runs at the ALS reprodu
es that predi
ted by simulation for e+e� ! Z�H0 ! q�qb�bfor MH = 120 GeV at 500 GeV.After data taking, the beam teles
ope geometry has been surveyed using an opti
almetrology ma
hine. The results of this survey have been used as starting point of thealignment pro
edure, performed on a sample of approximately 20000 well-isolated parti
letra
ks with four 
orrelated hits. After alignment, tra
k 
andidates have been de�ned bymat
hing hits on two layers. Ea
h tra
k 
andidate has been extrapolated to the thirdlayer, where the 
losest hit has been added, if its residual was less than 50 �m. Patternre
ognition ambiguities have been solved based on the number of asso
iated hits and onthe di�eren
e between the tra
k slope and the expe
ted beam slope, determined from thesettings of the beam-line �nal dipoles. Tra
ks have then been re-�tted using a modi�edleast-square, to a

ount for kinks due to multiple s
attering on the measuring planes [9℄and extrapolated to the referen
e layer, where the residual to the 
losest re
onstru
tedhit has been 
omputed. Sin
e the beam 
ontains a fra
tion of lower momentum parti
les,whi
h in
reases 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 se
ond 
oordinate.

Residual on Layer 1 (mm)
-0.15 -0.1 -0.05 0 0.05 0.1 0.150

20

40

60

80

100

120

140

160

180

200

Figure 2: Residual on the verti
al 
oordinate between the ex-trapolated tra
k position on TPPT �rst layer and the asso
iatedhit re
onstru
ted 
oordinate. The �tted Gaussian 
urve has awidth of 9.4 �m.

The tra
king performan
ehas been 
hara
terisedby the residuals betweenthe extrapolation of atra
k re
onstru
ted usingat least two layers andthe point re
onstru
tedon the referen
e layer us-ing two di�erent geome-tries. The �rst uses theextrapolation of the tra
kba
k to the �rst layer.This resembles 
loselythe 
ase of tra
k extrapo-lation from the vertex de-te
tor to the intera
tionpoint. Using all a

eptedtra
ks we measure aresidual of (9.4�0.2) �m(see Figure 2), whi
hbe
omes (8.9�0.4) �mwhen restri
ting to three-hit tra
ks. This shouldbe 
ompared to 6.8 �m obtained from the simulation, whi
h assumes perfe
t geometry.Subtra
ting 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 parti
le, whi
h is 
onsistent with the impa
tparameter resolution required for the ILC. The se
ond geometry adopted extrapolates thetra
k on the se
ond dete
tor layer. In this 
ase the multiple s
attering e�e
t is redu
ed byhaving measurements on both side of the extrapolation plane and we measure a residual of(6.9�0.1) �m.Despite the multiple s
attering e�e
t, the extrapolation resolution of the TPPT at theLCWS/ILC2007



ALS is signi�
antly smaller than the MIMOSA-5 pixel pit
h. This allows to perform studiesof 
luster shape as a fun
tion of the tra
k point of impa
t. We 
ompared the number ofpixels, along the horizontal 
oordinate, in 
lusters re
onstru
ted on the �rst layer whi
hare asso
iated to two sets of tra
ks. In the �rst set tra
ks with extrapolation along the xhorizontal axis within 4 �m from the pixel 
entre are 
hosen: the average pixel multipli
ityis 1.5. In the se
ond set the tra
k inter
epts the dete
tor more than 8 �m away from thepixel 
entre: the average pixel multipli
ity in
reases to 2.3.3 The T-966 Teles
opeA se
ond thin pixel teles
ope (TPPT-2) has been built for use in the T-966 beam testexperiment of the 120 GeV proton beam at the Fermilab MTest fa
ility. The TPPT-2
onsists 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 pre
ision me
hani
s and are spa
ed by 15 mm. The 
hips have beenpositioned on the mezzanine boards using a pre
ision va
uum 
hu
k whi
h gives a mountinga

ura
y better than 50 �m. Downstream from the TPPT-2, a dete
tor under test (DUT)
an be mounted on a 
omputer-
ontrolled XY stage whi
h allows to remotely align it to theteles
ope. The DUT spa
ing 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 extra
ted 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, whi
h willredu
e the noise.A
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