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Abstract

With modified hit triplet finding the pixel detector can be dayed for the reconstruction of loyy,
charged particles. The acceptance of the method extends o1, 0.2 and 0.3 Ge¥in pp for
pions, kaons and protons, respectively. The fake rate cagrdaly reduced, and kept at or below
the percent level, with help of information present in thagsh of the pixel cluster. Acceptance and

efficiency of 80-90% can be achieved, with resolution of 5.5% in the central region.



1 Introduction

The reconstruction of lowr charged particles is crucial for hadron physics where thasmesd particle yields,
spectra and correlations have to be compared to model ficedid1]. The physics of rare highy events also

needs good knowledge about the characteristics of the lyimtpbackground collisions. It is important for high
energy physics in general: low- particles are useful for b-physics.

In the CMS detector the high occupancy of silicon strips intd A+A collisions makes their inclusion into
charged particle tracking difficult [2]. The use of silicoixgls alone allows to use the same analysis for low
multiplicity p+p, p+A and high multiplicity A+A events. Athiie same time this choice enables the reconstruction
of very low pr particles, even down to 0.1 GeMbr pions, with low fake rate.

In collision of hadrons and nuclei the most abundantly poediucharged particles are pions, kaons and protons of
both charges. Secondary electrons and positrons are &atedrby photon conversion in materials (beam-pipe,
silicon layers and support). For this reason the demoistrglots in this note show measured quantities for
the three long-lived charged particles: pions, kaons antbps. (The identification of these particles is indeed
possible. The specific energy loss can be extracted usirgntirgy deposited in the detector, both truncated mean
and maximum likelihood methods are applicable.)
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Figure 1: Schematic comparison of the standafeigure 2: Transverse momentum distribution of sim-
straight line prediction and the new helix predictiorulated (solid red), accepted (green dashed) and recon-
for finding the third hit. Limiting trajectories (solid structed charged particles. For comparison the result
blue) that touch the cylinder of origin cut out an arof the new helix method (dotted blue) and the standard
(thick green) from the barrel layer of the third hit canone (dotted black, with minimumy of 0.075 GeV¢)
didates. In the standard method the azimuth of the given. The definitions are given in Section 4.

outer hitP; is used (solid black arrow).

2 Modified hit triplet finding

The standard pixel hit triplet algorithm [3] first finds hitipg then for each pair it predicts the range of possible
coordinates« andz or r) of the third hit. The method uses a straight line throughnher hit and outer hit of the
pair in order to get the /r prediction. Thep prediction is simply the corresponding value of the outée(ig. 1).
Tolerances are set such that they take into account thaetiemultiple scattering. When going to lowgy, the
nature of the prediction sets back the reconstruction digbes increasingly below; ~ 0.9 GeVEt, even disables

it for pr < 0.5 GeVE (Fig. 2).

Low pr particles can only be found if the search for the third hit isdified, keeping the logic of track finding
intact. Hit pairs are formed firsf and P, are chosen from different pixel layers. During the searchtie third
hit P; the following requirements must be fulfilled:



e “origin™: the track must come from the cylinder of origin. &leylinder is given by its radius, half-length
and position along the beam-line.

e "minimum”: the p; of the track must be above the minimal vajuge,,,,, .

e "third”: the track must be able to reach the layer (barrelrudaap) where the candidates for the third hit are
located.

2.1 Limiting circles, allowed ranges

In the small volume of the pixel detector the magnetic fieldrectically constant, the charged particles propagate
on helices. The projection of a helix or a cylinder onto trensiverse plane is a circle. With a given cylinder of
origin and a point paiP; and P, each requirement defines a region of allowed track trajextorEach region

is enclosed by a pair of so called limiting circles, projentof extreme trajectories. The "allowed” tracks pass
though bothP; and P, and they locate in the intersection of these regions. THeita® construct the limiting
circles. The detailed geometrical discussion in Se¢tidnshows that it can be done using an inversion with center
P, and radiusP, P».

With help of thez coordinates of point$’; and P, any allowed circle can be transformed back to a helix (see
Section A.2). The third hit candidates are located on a lalee thrusts of allowed helices on the surface of that
layer form a curve. It is not necessarily a line, but alrea@yl approximated by a parabola in proper coordinates:
(¢, z) for barrel and ¢, ) for endcap. A parabola can be defined from three points, hiénee special trajectories
are needed: the two limiting helices and a central helix. Riheache providing the third hit candidates expects
ranges in(¢, z/r) coordinates. In order to match that, the rectangular epeetd the corresponding part of the
parabola is calculated.

A slow particle can be deflected by multiple scattering. ldesmot to lose hit candidates the envelopes have to
be broadened, tolerances should be set. The deduced awmepfahe pixel detector for this method is given in
Section 4.1. The lower limits ip7 are 0.1, 0.2 and 0.3 Ge¥for pions, kaons and protons, respectively. At these
momenta the standard deviation of the multiple scatterisgibution is similar for all the three particle types. It
is about 0.02 rad if the thickness of the material is 1% réafidength. Simple calculation leads to tolerances in
(0.03 rad) and i /r (0.3 cm).

2.2 Third hit candidates

The provided third hit candidates are examined next. Thebawation of the point pai; and P, with a candidate
P; defines unambiguously a circle in the transverse plane. &lelias a linear relationship between the azimuthal
angle with respect to the center of the circle and:thieordinate. This way, with help of the positionsigfand P,
the z coordinate of the third hiP; can be predicted. The measuredoordinate differs from the prediction mainly
due to multiple scattering in the intermediate pixel layangl support. In the low momentum range multiple
scattering is proportional to/(/5p) which is roughly inversely proportional to the mass of thetipee. Hence
protons scatter more than kaons, kaons scatter more thas. pidhe amount of multiple scattering, its standard
deviationo for relativistic particles § = 1), can be obtained from parametrisation (see Appendix of Rjr the
calculation ofo, the position ofP, together with the parametefs, pr) of the track candidate have to be provided
("one point constraint”). Ire direction, for low momentum

g

o.(0,0) G

)

At this stage of the reconstruction the type of the partisl@dt known yet. Therefore, the mass of the mostly
produced particle, the pion, is assumed for the calculaifgh The amount of multiple scattering can be studied
in detail by plotting the difference of the measured and joted z coordinates of the third hit candidates, in units
of o, (Fig..3). Departures are clearly present for barrel layédrere the distributions are wider than expected: 20%
increase for kaons and 40% for protons. This can be expldipede fact that the calculation ¢f with the false
mass affects low momentum particles and these are less atuimdthe endcap layers. Taking this observation
into account, a candidaf@; is accepted if its position is closer to the prediction thaa 4
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Figure 3: Study of multiple scattering connected to thirddaindidates on barrel layers (left) and endcap layers
(right). 6z is the difference between the measured and the predigiesition of the hitg ,, is the standard deviation

of thed z distribution expected from multiple scattering paransetiion, assuming pion mass. Distribution of ratios
0z/o is shown for pions (solid red), kaons (green dashed) an@psdblue dotted). Results of Gaussian fits for
the different particle types are given, the fit curve for giggmshown (black solid).

Figure 4: Directed envelopes. The sample clus-

ter at the top left corner consists of two vertical

columns (blue rectangles) marked by vertical ar-

multi rows iny direction (blue arrows). The compar-
ison of the columns proceeds indirection (red
arrow). The resulted signed dimensions of the en-
velopes are given in parentheses. The cluster la-

(0,1) belled "multi” is not compatible with a single par-
ticle hit because its rightmost column has an empty
pixel .

3 Triplet cleaning

While high py tracks are relatively clean, pixel hits can often be comdbiteeform fake lowpr tracks. It is
therefore important to filter out this undesirable backgibuThis can be achieved using the information present
in the shape of the pixel cluster and by looking at lost hits.

Cluster shape information. A hit contains much more information than merely its positioAn incoming
charged particle leaves energy, charge in the pixels. Neighg pixels (those with common edge or vertex) are
grouped to form a cluster, a reconstructed hit. The sizeygeltion, of the cluster will depend on the angle of
incidence of the particle: bigger angles will result in lenglusters. This observation can be exploited in many
ways. Among others it can be used to check whether the mehshepe of the cluster is compatible with the
predicted angle of incidence of the track: if even one of the im the triplet is not compatible, the triplet is
considered as fake and removed from the list of track cateda

A pixel cluster can be described by the dimension of its dé@tenvelope”. First, the cluster is decomposed into
a set of columns covering the pixels in logatlirection (see Fig.|4). Each column has a minimal and a mdxima
y position. The relative positions of the columns are compaeccessively starting from the first column with
the lowest local: position. If the minimal and maximal position of the second column changes properly with
respect to the first one, the cluster will have a treng.ilf the maximum and/or the minimum increases the trend
is positive, while in case of a decrease it is negative. Iftlagimum and the minimum move in opposite directions
or if there are empty pixels in the column, the cluster is mayhpatible with a single particle hit. (These type of
clusters might be skipped, but it was not done in this anslySihe comparison continues until the column with
highestx position is processed. The envelope of the cluster has aitdddiinection if the trend did not change



Figure 5: Effect of the Lorentz-shift. A charged particléu@) crosses the pixel layer. The produced electrons
drift (red) towards the pixels of the upper readout planeckeahe charge appears on the line segnSgst. The
particle can come from below (left) or from above (right)ll gfiving the same line segment and thus the same
cluster shape. This explains the fact that for a given ctusteelope there are always two corresponding possible
particle directions.

during the comparison of columns. The dimensidw,,,cqs, Aymeas) Of the directed envelope is simply the size
of envelope in pitch units, but its sizeinis multiplied by the trend (+1 or -1). Some examples are ginefig. 4.
(The cluster might also be skipped if it is at the boundary sifiaon unit, but it was not done in this analysis.)

A particle crossing is defined by its entry and exit points.e Tmovement” vector in local coordinates is given
by the pair(Az,..;, Ay..q;) Which is the planar projection of the vector connecting thigyeand exit points (see
Fig.[5). Due to the effect of the crossed electric and magiiiedids the drift direction is not normal to the surface
but rotated inz direction. This way the vecta$; S, of the drifted charge (on the readout plane) will differ from
the movement vector. The particle can come from below or fabove, still giving the same line segment and thus
the same cluster shape. Hence for a given envelope therevangsawo corresponding possible particle directions
and movements.

The connection between the envelope and the movement waisetfrom fast simulation. 10 million minimum
ionising (388 eV/:m) particles with flat movement distribution were generafidte energy deposits were collected

in the pixels of a model silicon unit (pitches of 155 and 101:m; thickness of 30@m). A pixel was filled if the
deposited energy reached the threshold value of 5 timedahdard deviation of the electric noise-(3.7 = 18.5
ADC). After digitisation and clusterization the directeavelope was determined and the movement vector was
stored. For a given envelope the compatible movements faordistinct groups (Fig. 6 top). In each group the
points have triangular distribution both ihx,..,; and inAy,...;. Therefore the entries can be enclosed by two
boxes, a Gaussian fit is not justified. Separate tables haregyeduced for barrel and endcap layers because they
have different Lorentz-shifts 27 xm and—43 ym in x direction, respectively).

In reality the energy deposits are not simply proportiomathte path-lengths but largely fluctuate. In order to
compensate for this difference, the boxes have been widenp®2 units. The results have been cross-checked
with detailed Geant simulation (Fig] 6 bottom). It is clehatt the different compatibility boxes contain almost
every produced entries.

Note that this study assumed ideal detector without pixg¥,and chip inefficiencies.

Lost hits. In the endcap layers the particles have small angle of incieleHence the compatibility check with
the shape of the pixel cluster is less efficient than in casawtl layers. This results in higher fake rate and higher
fraction of multiple counted tracks. The situation can berioved if the tracks are checked for lost hits. In this
note a very simple solution is used: only special tripletsadlowed. Namely, the first two hits must lie on the two
inner barrels, while the third hit can be on the outer barreroone of the closer endcaps.

The constructed hit triplets, pixel tracks, can be alreaaspd to the usual momentum fitting procedure.
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Figure 6: Distribution of the planar distances of exit anthepoints, movementéAx,.cq;, Ay,ear ), fOr several
measured envelopéAr,,,cqs, AYmeas ), DOth in pitch units. Entries and ranges from fast calcataffast sim) are

shown for both barrel and endcap layers at the top. Entridsamges (widened by 0.2 units) from fully simulated
data (p+p Geant4) are shown at the bottom.
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Figure 7: Acceptance as a functionpfleft) and as a function gbr (right, if the track is in the rangg| < 1).
Values are given separately for pions, kaons and protons.

4 Results

Data sets with several settings have been prepared in argeoperly demonstrate the different aspects of fgw
reconstruction. They include:

e straight line vs helix: reconstruction with standard ortwitodified hit triplet finding
e benefits from cluster shape information: reconstructiaimwr without checking the angle of incidence

e |luminosity and multiplicity: single minimum bias p+p evenminimum bias p+p events with low and high
luminosity pile-up; single Pb+Pb events

These studies are based on 25 000 single minimum bias p+pse(feythia generator), reconstructed using
ORCA version 813.0 with modified hit triplet finding using the standard setsngr i gi nRadi us = 0.2 cm;
ori gi nHal f Lengt h =15 cm;ori gi nZPos = 0 cm), but much lower minimalr (pt M n = 0.075 GeV¢).
Lines in the plots are drawn to guide the eye.

Simulated and reconstructed tracks can be compared to #aahby associating their hits using spatial distances.
A simulated track is reconstructed if each hit of a recorséd track is associated to hits of the simulated track.
A reconstructed track is partially matched to a simulategl ibat least one, but not all of its hits are associated. A
reconstructed track is fully matched if all of its hits ars@dated. With these notions the following properties can
be defined:

e Acceptance: ratio of reconstructible to all simulatedksad charged particle is reconstructible if its vertex
is in the cylinder of origin and if it has hits in at least thidi#erent groups of pixel layers (first, second and
third barrel; closer and farther endcap).

e Efficiency: ratio of reconstructed to accepted tracks. Thtbe fraction of reconstructible tracks which are
indeed found.

e Multiple counting: fraction of such simulated tracks whante reconstructed more than once, in other words
they have more than one full match. They are mostly loopers.

e Fake rate: fraction of reconstructed tracks which are attipagially, but not fully matched to any of the
simulated tracks. They are from combinatorial background.

4.1 Acceptance

The acceptance of the pixel detector is limited bothyiand p;-. While the former is evident, the latter can be
illustrated by the fact that a charged primary particle agach the third pixel barrel only if its; > 0.003 - B -

7



Table 1: Average acceptance and efficiency values in thegqulatange$)| < 1 andpr > 0.5 GeVE are shown
for pions, kaons and protons. The rounggdvalues where the acceptance or efficiency is at 50% or redlcbes

plateau are also given, in GeMinits.

Acceptance Efficiency
average 50% plateau average 50% plateau
|l <1 ppr>0.5|reachedapy of | [n| <1 pr>0.5 | reached apy of
pion 0.88 0.90 | 0.08 0.1 0.90 0.94 | 0.10 0.2
kaon 0.85 0.90 | 0.16 0.2 0.90 0.94 | 0.18 0.3
proton| 0.84 0.88 | 0.24 0.3 0.86 0.92 0.27 0.4
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Figure 8: Efficiency as a function of (left) and as a function gbr (right, if the track is in the rangg)| < 1).
The values are given separately for pions, kaons and protons

R3/2 ~ 60 MeV/c (with B =4 T andR3 ~ 10 cm). In reality higher momentum is needed because thelgart
loses energy (and momentum) in the beam-pipe, in the crgggedayers and support. The specific energy loss
is function of 3y = p/m of the particle, thus for the same momentum it is differemtdfarticles with different
mass. Hence the protons and kaons are less accepted thann@arely they have smaller range. The acceptance
is slightly influenced by the multiple scattering which isaagbigger for higher mass particles.

The acceptance for pions, kaons and protons as a functigraoélpr is shown in Figl 7. It is closely flat in the
range|n| < 2 for all particle types with average values 0.88, 0.85 and (s&e Table1). It rises sharply with-
and reaches a plateau at 0.1, 0.2 and 0.3 G&Y/pions, kaons and protons, respectively. The pixel detexan
be used for charged particle tracking with essentially taeptance above thege values.

4.2 Efficiency

The efficiency of the reconstruction for pions, kaons andqm®as a function af andps is shown in Figl. 8. Itis
closely flat in the rangé)| < 1.5 with the exception of protons. The average values are 0.90,&nhd 0.86 (see
Tablé 1). The acceptance rises sharply withand reaches a plateau at 0.2, 0.3 and 0.4 G&Wpions, kaons and
protons, respectively. The pixel detector can be used farggd particle tracking with essentially flat acceptance

above these values.

4.3 Multiple counting

The fraction of multiply counted tracks as a functionmofindpr is shown in Fig. 9. It is below 1% neagr= 0,
but goes quickly to zero fan| > 0.5. Some fraction appears at very lgw but it is already at the permille level

for pr > 0.2 GeVE.
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Figure 9: Fraction of multiple counted tracks as a functibn @eft) and as a function g1 (right, if the track is
in the rangdn| < 1).
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Figure 10: Fake rate without triplet cleaning as a functibn {left) and as a function g (right, if the track is
in the ranggn| < 1). Values for both charges, positives and negatives arersBeparately. The insert on the right
shows thevr dependence with logarithmic vertical scale.

4.4 Fake rate

The fake rate as a function gfandp, for particles of both charges, is shown without and witplét cleaning in
Fig.[10 and Fig. 11, respectively. Without cleaning the fekte reaches 20% &j| = 2, but even at) = 0 it stays
close to 4%. With cleaning these numbers go down to about 280&%0, respectively, which is a reduction by
factor 10. In the rangh)| < 1 the fake rate falls steeply with increasipg. It is about 4% at 0.1 Ge¥/and goes
below 1% at 0.16 GeV/ staying at the permille level for highgg-.

The shape of the pixel clusters is different for positive aadative particles of samg-. The Lorentz-shift makes
the clusters of the positives narrower, while those of thgatiees are widened. This asymmetry is reflected in the
effectiveness of the compatibility check with the anglerafidence (see Sectibn 3), which difference propagates
to the fake rate distribution. While there is no charge depaend in the no cleaning case (Fig. 10), there are half
as much negative fakes as positives when cleaning is uskd.féKke rate for negatives at= 0 is about 0.3%.) In
this sense the pixel detector performs better for negativéqgtes.

45 Resolutions

The bias and resolution of the reconstructeahdp can be studied as a function of the simulated quantities (see
plots in Fig[12). The reconstructedis practically bias free with resolution in the range of ®G600.01. It is
governed by multiple scattering which is inversely projworal to the total momentum. This explains why the
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Figure 11: Fake rate with triplet cleaning as a functiom @feft) and as a function ofr (right, if the track is in
the rangdn| < 1). Values for both charges, positives and negatives are shparately. For comparison the result
without triplet cleaning is plotted as well. Note the difet vertical scale with respect to Fig./10.

pions with lowest average momentum have the worst resolufibe reconstructegl tends to the simulated one
for higherpr, their ratio converges to 1. There is an increasing bias déttreasing and for heavier particles.
It is due to the energy loss of the particle which increasék decreasing momentum and scales with: of the
particle. In case of protons a correction of about 10% neatied = 0.2 GeVE. The energy straggling is reflected
in the relative resolution g that shows a behaviour similar to that of the bias. The redagsolution for pions
and kaons converges to the value of 5.5%.

4.6 Performance at various conditions

The performance of loyr reconstruction was studied under several running comuitio

e Minimum bias p+p events with pile-up
These studies are based on 25 000 minimum bias p+p eventigR@nerator). The events have been
grouped according to Poissonian distribution in order tagtthe effect of pile-up at low-luminosity2(:
1033em 2571, 5 events per bunch-crossing on average) and at high-lsityn@03*cm—2s~1, 25 events
per bunch-crossing on average). Only in-time pile-up wassictered.

e Central Pb+Pb events

These studies are based on 25 central Pb+Pb events with titiplioity settings (Hydjet generator with
NETA = 30 000 called "central” antlETA = 15 000 called "medium”). In case of heavy ion running low
intensity is expected, thus only a single event was simdlatéhe detector without pile-up. The multiplicity
is very high: tens of thousands of charged particles argemnlea a central Pb+Pb collision. The primary
vertex of the event was determined first with good precis&ingihighpr tracks. With this knowledge, in
a second turn, the cylinder of origin was centered on thitexdor i gi nZPos) with a small half-length of
ori gi nHal f Lengt h =0.1 cm. In order to further reduce the fake rate the radiuketylinder of origin
was reduced tor i gi nRadi us = 0.1 cm. The reconstruction could be speeded up by incrgésalow
pr cuttopt M n =0.175 GeV..

The comparison of reconstruction efficiency as a function ahdp is shown in Figl 13. For Pb+Pb collisions
the efficiency is generally below the p+p valuepin by about 5%.

The fake rate as a function gfandpy is shown in Fig. 14. Aty = 0 it is about 3% for low-luminosity and about
15% for high-luminosity p+p pile-up, while the central Plb+Ralue is at 13% and the medium Pb+Pb value is
at 7%. The best performance for p+p events is reachgg at 1 where low-luminosity gives about 1% and the
high-luminosity has about 5% fakes. The fake rate fallspdyewith increasingpr. At pr = 0.2 GeVE it is about
2% for low-luminosity and about 10% for high-luminosity pppe-up. In case of central (medium) Pb+Pb the
rate goes below 10% (5%) ifr > 0.4 GeVEt. In case of p+p collisions the fake rate is roughly properido the
luminosity.
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Figure 12: Resolution of track parameters. Upper left: ltggm of reconstructed as a function of the simulated
one. Lower left: ratio of reconstructed to simulated as a function of the simulated one, bias. Upper right and
lower right: relative resolution of reconstructgg as a function of simulateg andpr. The dependences oi-

are only given in the range)| < 1.
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Figure 13: Comparison of pion reconstruction efficiency &snation of 7 (left) and as a function o (right,

if the track is in the rangén| < 1). Values for minimum bias p+p events are shown together weigiults from
central Pb+Pb collisions. Note that the difference otependence for p+p and Pb+Pb is mostly due to the differing
PT,min S€ttings (0.075 and 0.175 GeYfespectively).
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Figure 14: Fake rate as a functionspfleft) and as a function ofr (right, if the track is in the rangg)| < 1).
Values for single, low-luminosity and high luminosity mimim bias p+p events are shown together with results
from central and medium Pb+Pb collisions. Note that#4hdependence for p+p and Pb+Pb is not comparable,
because they have differemt ,,,;,, settings (0.075 and 0.175 GeYfespectively).

The low pr reconstruction could benefit from lower magnetic field in ttzeker volume (e.g. 1 T or 2 T instead
of the standard 4 T) by putting particles on helices withdangdii. At the same time the acceptance is largely
influenced by energy loss and multiple scattering which Wty the same even with lowered field.

5 Further developments

This note dealt with pixel hits only for reasons already rimmdd in the introduction. Of course even lgw
particles leave a lot of hits in the strip detector as welle Tise of the pixel triplets can give a good starting point
for global seeding in the strip part of the tracker. Stripgldde used for tracking (low multiplicity p+p) or for veto
(high multiplicity A+A). This trivial extension should inrpve momentum resolution for highgf particles where
the bend of the track is not sufficiently determined from theab volume of the pixel detector. The inclusion of
strip hits should also reduce the fake rate, though thoskgrahere the fake rate is problematic (some 100 MgV/
usually have no or few hits in the strip detector. Strip hdsld also be checked for cluster shape.

Cuts and certain parameters can be optimised further, yrfostihe sake of fake rate reduction in the very lpw
region. For example, the choice of the cylinder of origia,garameters, can be set differently for different sort of
physics needs. The optimisation has a price: there is arplatebetween efficiency and fake rate, reduction of
one will increase the other.

As it was demonstrated in Section 4.6, the reconstructiorenf high multiplicity Pb+Pb events can be substan-
tially improved by determining the position of the primargriex in advance, with help of highy tracks. The
same idea may work for high luminosity p+p events. Havingnfbthe primary vertices, in a second turn the
cylinders of origins can be restricted to the proximity aisk.

The specific energy loss of a charged particle is coupledstmitmentum if the mass of the particle is known
(Bethe-Bloch curve). In principle this information coulé bised for cleaning hit triplets further, by looking at
the compatibility of their energy deposits with each othed aith the momentum of the corresponding track.
However, this type of check would definitely introduce stydoias and it was not considered further.

Although neutral particles do not deposit energy in the Igixthey can be detected via their charged decay or
conversion to electron-positron pairs. By increasing #uBus of origin to about 3 cm, not only charged primaries
but also many secondaries are reconstructible. The comitrinaf the resulting helices enables the reconstruction
of low pr short-lived weakly-decaying particles (VOs2, A andA) decaying before the first pixel barrel [4]. Low
pr photons converting in the beam-pipe or in the first pixel &leare detectable as well.
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6 Conclusions

With modified hit triplet finding the pixel detector can be doyed for the reconstruction of lowr charged
particles. The acceptance of the method extends down td0®1and 0.3 GeVYin pr for pions, kaons and
protons, respectively. The fake rate can be greatly redudttdhelp of information present in the shape of the
pixel cluster. Acceptance and efficiency of 80-90% can beesed, withp, resolution of 5.5% in the central
region. The fake rate for single, low-luminosity and higiminosity p+p collisions is smaller than 2% abqve
values of 0.13, 0.2 and 0.35 GeVIn case of central (medium) Pb+Pb events the fake rate gede®/110% (5%)
for pr > 0.4 GeVE.

In summary the CMS detector is able to provide good qualitg da spectra and yields of charged particles, thus
contributing to the soft hadronic physics program at the LHC
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A Some geometry

This appendix shows the construction of the limiting ciscéad the calculation of the allowed ranges for the third
hits. Some notations relevant to the discussion are giv@alie 2.

A.1 Limiting circles

The situation is substantially simplified by looking at th@jpction of the geometrical objects on the transverse
plane: helices and cylinders will be transformed to circl€se projection of the cylinder of origin is a circlg
with centerO and radiusry. The projection of the cylinder of the hypothetical thirdrieh layer is a circlecs
with centerO and radius-s. With a givency, pr.min, c3 and a point pait’; and P, each requirement (“origin”,
"minimum”, "third”, see Section 2) defines a region of allaheack trajectories. Each region is enclosed by a pair
of so called limiting circles, projection of extreme traj@des. The limiting circles pass through bath and P,

and they are of two types:

e touching limiting circle: they touch the circleg (or c3)

e minimal limiting circle: they have minimal radius corresgng topz in

The limiting circles can be found more easily using invansié\n inversion with centeP and radius: has the
following properties:

e itinverts a point on the inversion circlé’, k) into itself

e it inverts a circlec(C, r) which does not pass through into another circle’ (C’, ') with centerC’ =
P + s(C — P) and radius”’ = |s|r, wheres = k?/(CP? — 12)

13



Inverted

Figure 15: Determination of the limiting circles (solid Blutouching the circle of origimy (O, o) (solid red).
The members of the pair arg andP,. The problem is solved by inversion with cenferand radiusc = P, Ps.
The inverted objects are shown on the right. The inversg,a$ itself. ¢ is inverted to another circlé, (O}, ).
The limiting circles with center€’; (not in the figure) and’; are inverted to lines passing though. These lines
are tangent te,. The central circle (dashed blue) is inverted to the bigesftangley. If the third hit is searched
on a circle (third barrel layer) the limiting circles cut aar arcP; — P; (thick green) where the candidates may
be located.

e itinverts a pointC into another poinC’ = P + s(C' — P), wheres = k*/C P?

e it inverts a circle which passes throughinto a line drawn through the two intersections of the ciahel
the inversion circle

In this concrete case the center of the inversion circle @seh to beP; and its radius i$ = P; P,. The limiting
circles passing through bof?, and P, are inverted into lines passing though.

Touching circles. The inverse of circley (O, o) is another circles, (O, r(,). Two lines can be drawn frorf,
which touchc|, (see Fig! 15). They are the inverses of the limiting circléfe angley, between these lines
containingOy, is

. X0 I 2rf?
sin - = X X0 = arccos (1 — P27062 (2)

Table 2: Some notations relevant to the geometrical digmus3 he circlecs is used only ifP; is searched on a
hypothetical barrel layer.

Notation Meaning
(0] position of the beam-line
P inner hit of the pair, center of the inversion

Py outer hit of the pair
P; hypothetical third hit

k radius of the inversion circle?;, P,

co circle of origin, with cente© and radius

Tm radius of the minimal circle correspondingf® ..,

c3 circle on whichP3; may lie, with cente© and radius-s
« direction of the angle bisector with verté

X opening of the angle with vertei,
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Original ' Inverted

Figure 16: Determination of the limiting circles (solid bljutouching the circles (O, r3) (solid red) which is the
projection of a hypothetical third barrel layer. The mensbefrthe pair areé’, and P,. The problem is solved by
inversion with center”; and radiusc = P; P,. The inverted objects are shown on the right. The inversg,aé
itself. 3 is inverted to another circlé; (O, r4). The limiting circles with center§’; andC, are inverted to lines
passing thougtP,. These lines are tangent t§. The central circle (dashed blue) is inverted to the biseato
angley. The limiting circles cut out an arB; — P5 (thick green) where the candidates may be located.

The bisector of this angle is in the directiog = arg(P;O{)). The corresponding angle for circlg(O, r3) is
obtained in a similar way (see Fig./16).

Minimal circles. The inverses of the minimal circles are lines passing thnag(see Figl 17). The angle,,
between these lines containiry

m k k2
sin XT =5 Xm = arccos (1 — 272> 3)

The bisector of this angle is in the directian, = arg(PQ_Pl).

In the end each pair of limiting circles is transformed intoaagle described by bisectarand openingy with a
common vertexP,. The common parta., x.) of these angles is given by their intersecti@n, xo) ((m, Xm)
or (e, xo) N(am, xm) (a3, x3). If the result is not empty, it represents the region of alidwrajectories in the
inverted space which fulfil all the requirements.

Three unit vectors™, vj and« are formed belonging to three special trajectories.

e arg(v’) = a. — x./2, "lower” leg of the common angle, inverse of one of the comrtmiting circles

e arg(v)) = ., bisector of the common angle, inverse of the central circle

e arg(vy) = a. + Xc/2, "upper” leg of the common angle, inverse of the another comiimiting circle
The lines belonging to these vectors are transformed battletoriginal space giving the three special circles. The
centerC' of such a circle is be determined in the following way. detlenote the antipode @f, on the circle. The
inverse of this point is atl’ = P, — 4[i(P, — Py)]. The center of the common limiting circle is @t= 214,

Any circle that passes through boiy and P, and located in the region limited by the common limiting s
fulfils all the requirements.

A.2 Allowed ranges

With help of thez coordinates of point$’ and P,, any allowed circle can be transformed back to a helix. The
candidates for third hit are located on a layer (Fig. 18). finasts of allowed helices on the surface of that layer
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Original : Inverted

Figure 17: Determination of the minimal circles (solid Blll@ving minimal radius corresponding@ ,,i,. The
members of the pair arB, and P,. The problem is solved by inversion with cenférand radiuskc = P, P». The
inverted objects are shown on the right. The invers&.ofs itself. The minimal circles with centers; andC,
are inverted to lines passing though. The central line drawn through bof?, and P, is inverted to the bisector
(dashed blue) of anglg. If the third hit is searched on a circle (third barrel lay#® minimal circles cut out an
arc P; — Ps (thick green) where the candidates may be located.

_barrel layer of the third hit endcap layer of the third hit

,,,,,,,,,,

- cyliﬁaié‘r\of\dﬁ@/i f " cylinder of origin

Figure 18: Determination of the possible range of the thitdc&ndidates in case of a barrel layer (left) and an
endcap layer (right), shown in three dimensions. The cegiliraf origin (red) and the layers (green) are indicated.
The members of the pair af§ andP,. Curves of the two extreme trajectories (solid blue) andttdral trajectory
(dashed blue) are drawn together with the three thrustpéintThese points define a parabola whose rectangular
envelope is given (magenta grid).
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Figure 19: Determination of the rectangular en-
velopes. The third hits?; are thrust points of the
three special trajectories on the hypothetical layer.
These hits determine a parabola whose envelope can
be calculated. There are two envelopes, one belong-
ing to the minimal range of the layers("min envelope”,
solid red) the other to the maximal range of the layers
("max envelope”, dashed blue). The range means ei-
ther radius (barrel) or coordinate (endcap). The final
common envelope is also drawn (dotted black).

zlr

form a curve. Itis not necessarily a line, but already wefiragimated by a parabola in proper coordinaigs:z)
for barrel and(¢, ) for endcap. A parabola is be defined from three points, hemee tspecial trajectories are
needed. The next task is to calculate the thrust of the hignitielices and the central helix on the layer.

Barrel layer. The inverse of3(O, r3) is another circles (0%, r;). The intersections of the special circles and
¢ have to be found first. With help of the corresponding uniteet the inverse of the intersectia?; (v) is at

Py = Pyt | P07\ + (P20} 02— P20 @

The ¢ coordinate is given byirg OP;. Due to the nature of the helix, there is a linear relationigtween the
azimuthal angle with respect to the center of the circle &ed:tcoordinate. This way the coordinate also be
calculable. In the end there are three pair&of:) values for each special helices belonging to unit veatarsy,
andvy.

Endcap layer. A hypothetical endcap layer is described by its coordingte Due to the linear relationship
mentioned in the previous paragraph, the angieC P; is calculated. The position dfs is obtained by moving
along the helix with this angle. In the end there are threespsi(¢, ) values for each special helices belonging
unit vectorsv”, vy andv .

The coordinates of the three thrust points can be readilgt treparabola fit. The hit cache providing third hit
candidates expects a rectangular are@in/r) coordinates. In order to match that, a rectangular envedbiee
corresponding part of parabola is calculated (for detaitsFSig. 19).

B Eventgallery

Plots of reconstructed single minimum bias p+p events avaisiin Fig. 20.
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Figure 20: Plots of reconstructed single minimum bias p+gnés Hits are shown by open black boxes. Those
hits which belong to a reconstructed track are indicated Idfblue boxes. The helices of the reconstructed
trajectories are drawn with solid red lines. Both the thriseeshsional view and its planar projection are shown.
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