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At the high luminosities envisaged for the new Super Flaagatory - SuperKEKB, the detec-
tion system closest to the beam pipe - a new Belle Il silicoriexedetector will have to face
an extremely harsh beam-related background and, consigunégh hit event rates, but still pro-
vide precise measurements of primary and secondary decagege During the design phase
of the vertex detector, consisting of two layers of pixels®s and four layers of double-sided
microstrip sensors, one has to carefully take into accolliatvailable technological options and
optimise the detector design to fully reach the expectedipkyperformance. For that reason we
have initially utilized a modular design of ILC software finawork and used it in full MC simu-
lations for multi-parameter studies. In this paper we pretige description of the Belle Il vertex
detector, our approach to the multi-parameter optimisasioidies and finally, the obtained re-
sults: the detailed study of the expected material didtidlng of the vertex detector; optimisation
study of the pixel detector layout with the final determinatof the most optimal configuration;
the influence of the slanted microstrip detectors in the &mdaregion on the detector in-plane
resolution and hit occupancy; and the expected impact petexmesolutions using or not using
the two innermost pixel layers (to demonstrates the imprmr@ of impact parameter resolu-
tions by implementation of pixel sensors at Belle I). Fonsistency, the software chain has been
validated against the official Belle software framework andmic muons data taken at Belle.
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1. Introduction

SuperKEKB, an upgrade of the successful asymmetre ecollider and actual world lumi-
nosity record holder (21 x 10**cm2s™1) KEKB (Tsukuba, Japan), will start commissioning by
fall 2014 [3]. The main goal of the new Super Flavour Factory is to dramiftimcrease instan-
taneous statistics by a factor of 40 and thus deliver an integrated luminogityaif * by end of
2022. For that reason, the nano-beam option has been chosen.edimepipe radius in the in-
teraction region will be then only about 10 mm, which has a positive effeth@mphysics related
to vertex reconstruction, but it presents a big challenge for the vertextde itself due to harsh
background environment. The background level generally increasghly as the inverse square
of the radius. In Belle, the innermost layers of the vertex detector codsistaicrostrip sensors.
But due to the expected large hit occupancy and, consequently, secramount of false 2D hits,
so-called ghosts, the innermost layers of the new precision vertex detactoo longer be com-
posed of microstrip sensors and pixel sensors have to be used inSteaghixel detectors have
much larger number of read-out channels, and thus lower occupamdyill provide hits with
true 2D information (unlike the strips combining two pieces of 1D information intorarnon hit,
which is ambiguous). Furthermore, as low momentum partieleseveral hundreds of MeV) dom-
inate at B-factories, multiple Coulomb scattering plays an important role in vextaxstruction.
Therefore, the material budget of the vertex detector, particularly ahtrermost part, has to be
seriously constrained. The pixel detector concept, based on thet@jtechnology, allows for
such low material budget.
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Figure 1. A scheme of the future Bellell detection system with a dethithe silicon vertex detector.
The SVD together with PXD and a beam pipe is shown on the hedtstandalone PXD on the right.

In order to deal with the challenging working conditions, particularly thesased background
level and higher event rates, and, simultaneously, provide the rednigie@recision measurements
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of B meson decay vertices, a new design of the Belle Il silicon VerteX Daté¢XD) is planned,

see Fig[]l. The vertex detector will consist of 2 layers of thinneguffsDepfet-type pixel detec-
tors (PXD), with radii of 14 and 22 mm, and 4 layers of double-sided midpmpdatectors (SVD),
with radii of 38, 80, 115 and 140 mm. The three outermost layers of SV@xemded to the for-
ward region (slanted design) to fully cover, together with a central dudintber (CDC), Belle Il

angular acceptance from 1 150 in polar angle.

2. Multi-Parameter Optimization Study & Software Framewor k

During the initial phase of each vertex detector project one has to dsrefie into account
the different aspects of detector technical design, such as layoutjaigtenoling, etc., and choose
the optimal configuration to fully achieve the planned physics performaktealeal tool for such
multi-parameter optimisation studies are simulations, allowing to try out all availablgrdep-
tions. For that reason we have initially utilized a modular design of ILC soévirmmework [[B]
and adapted its functionality to the Belle Il needs. In the software framewetave implemented
the full chain of the following tools: generator (Evtgen and KoralW foreyation of Belle physics
events and expected QED background respectively), Geant4 simuldaika (with full material
implementation of VXD geometry), digitization (pixel and microstrip silicon detectorsilation
[A]). Furthermore, we have utilized the ILC software pattern recognitiwhaalapted the tracking
software (Marlin modules). For detailed scheme of the simulation chain se@. Aiythe simu-
lations, the influence of following parameters (configurations) has beeied: material budget,
layer radius, layer thickness, pixel geometry arrangements, pixelgeoepetry setup in the for-
ward region.

Simulation Reconstruction

Figure 2: The scheme of software simulation and reconstruction dfi@ised on ILC software framework).

2.1 The Expected Material Budget of the VXD

The expected material distributions of the whole vertex detector have hedied using
Geant4 simulations for two different options (Hip. 3). One with a barrel-li&engetry configu-
ration in the forward region, the other one with a conical-like geometry, i.e. Wb with slanted
sensors in the forward part. The latter represents the current Belledlibe configuration.
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Figure 3: Vertex detector geometry in two options, with the barrkélgeometry in the forward region
(barrel-like SVD), depicted on the left, the other one witlke tonical-like geometry in the forward region
(conical-like SVD), depicted on the right.

The following key components have been implemented: a beryllium beam pipe i@iom
thick golden foil (meant as a protection against soft synchrotron rad)eadiod a cooling gap filled
with paraffin as a cooling medium, active PXD silicon sensors together with plasgive parts
(silicon rims, support and electronics chips, so-called switchers),fanadly, active SVD silicon
sensors together with their passive parts (sandwich carbon fibeth@os)al and eletrical insulation
(Rohacell layer), kaptons, read-out chips and a steel cooling pipd filltn CO, as a cooling
medium). The parameters of the baseline geometry, used in the simulationamameuszed in
Tab.[1, the results are shown in Hib. 4. Comparing the two options one @atyclee the substantial
increase in material budget for the SVD barrel-like geometry in the regam &7 to 45°, which
grows up by 50 %.

R[mm] #Ladders #Sensors 9 [deg]

PXD layer 1 14 8 2 0.0
PXD layer 2 22 12 2 0.0
SVD layer 1 38 8 2 0.0
SvD layer 2 80 10 3 11.9
SvD layer 3 115 14 4 17.2
SVD layer 4 140 17 5 211

Table 1. The parameters of Belle Il baseline geometry with slantedaders in the forward region.

2.2 Optimization Study of the Depfet Pixel L ayout

The Depfet pixel sensors can be manufactured in several layouhspiidie final physics per-
formance, for different options, can be efficiently studied with singlé¢igias (0.5 GeV muons),
generated at the unsmearete™ interaction point with selected values of polar an@land uni-
formly distributed in azimutly. For evaluation, we have used the quantity of the in-plane (intrinsic)
resolution in both sensor directions:Rad plane (perpendicular to the beam) ahdirection (par-
allel to the beam). The first option, F[g.5, have been a study of con<t&8)(versus variable
(VPS) pixel size inZ direction. The study has been performed for two configurations: with 800
pixels inZ (p1 ~ 123um, pz ~ 147um for CPS ando; ~ 117— 178um, p2 ~ 145— 174um for
VPS, wherep stands for the pitch of the first and second layer respectively) and i fixels
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Figure 4: Expected material distributions obtained from Geant4 &an: SVD barrel-like geometry on
the left, SVD conical-like geometry on the right. The indival bands correspond to: the beam pipe golden
foil, beryllium beam pipe and cooling gap filled with paraffactive PXD sensors, passive PXD material
(silicon rims, support and electronics chips), active S\éDsors, passive SVD material (sandwich carbon
fiber ribs, Rohacell layer, kaptons, read-out chips andtiw sooling pipe filled with CQ.

in Z, the baseline,ffy ~ 61um, p2 ~ 73um for CPS andgy ~ 38— 177um, pz ~ 56— 174um for
VPS). The key idea of the variable pixel size consists in keeping the ckiggetand thus resolu-
tion) constant along th&-axis, independently on the polar angle of emitted particles. This can be
practically done by decreasing the pixel size gradually from the edgeaabf ladder to the point
closest to the interaction point. So, we have first geometrically evaluatied) @sine from the in-
teraction region) the optimal pixel size starting at the edges of the laddérefuve have kept on
decreasing the pitch until we reached the minimal size, limited by the given nwhbeétels in

Z. The minimal pixel size has been used then for the remaining pixels to the poitti€ ladder)
closest to the interaction point. For details, see schematic drawing ifj Fig. 6.
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Figure 5: PXD in-plane resolutionim] in Z direction for different design options: CPS with bricked
structure, 5Qum pitch in R-®@ and 800 pixels irZ (filled red squares); CPS with bricked structure y50
pitch inR-® and 1600 pixels iZ (filled blue squares); VPS with bricked structure 180 pitch inR-® and
800 pixels inZ (filled green triangles); VPS with bricked structure, 5@ pitch inR-® and 1600 pixels iZ
(filled black triangles). The resolution for the first laysrdepicted on the left side, for the second layer on
the right side. PXD thickness has been set teus0

The studies have been performed for 80 thick PXD sensors, the originally considered
design, and the in-plane resolution has been defined as a root meaa sfjtiee 95 % area of in-
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Figure 6: The schematic drawing of VPS option. Tlpg parameter corresponds to the pitch of smallest
pixels, repeatedN + 1) times, then the pitch increases continuously until the éadxdige is reached. Due
to the asymmetry of ladder position with respect to the atBon point, the pitch on the left is of different
size than on the right.

plane signal residuals distribution. Such a definition has excluded nossiga tails and provided
good stability independently on the polar and azimuthal angle of reconsinpattcles.

The second line of optimisation studies, fflg.7, has been the study of brekeds non-
bricked structure ifR-® plane, where the bricked stands for a layout with pixels shifted by a half
of pitch every even row. The key idea of bricked structure consists neasing signal/noise ratio
for edge pixels in clusters of size higher than on&jrand thus increasing resolution for non-
perpendicular tracks. The pixel pitch has been set to two spzes50um for unbricked structure
andp > 70um for bricked structure (lower not technologically achievable).

Due to the technological limits on pixel pitch (bricked technology availablepfor 70um
only) and expected gain in resolution limited to the forward region only, theickenl layout has
been preferred. The variable pixel size brings significant improveimergsolution in the area
where most of the produced particles fly (due to B-factory boost), dmuiires internal imple-
mentation of extra drift fields in Depfet (too large pixels at the edges afaerwould lead to
inefficiencies in charge collection), which complicates the pixel design.tHfeoDepfet baseline
has been finally fixed to: 7om thick PXD with CPS along-axis and unbricked structure R
@ plane and will consist of: Z 768 rows inZ (256 x 55um + 512x 60um for the first layer,
256x 70um + 512x 85um for the second layer), 250 columrs50um pitch inR-®.

2.3 Optimization Study of the SVD Forward Region

Due to the asymmetry of energy of colliding particles at the SuperKEKB fadtoe SVD de-
sign with slanted sensors in the forward region brings a significant tiedtn terms of the number
of needed sensors to fully cover the required Belle Il acceptancareQiothe other hand, the me-
chanical design and consequently, mechanical stability, alignment, etmoseechallenging than
for the same geometry, but with extended (barrel-like) sensors in thafdmegion. In order to see
the difference in terms of material budget (see se¢tign 2.1), detectorrie-paolution (defined as
a root mean square of the 90 % area of signal residuals distribution)rehdhifi occupancy (corre-
lated with a cluster size and important for efficiency of charged partictemstruction), we have
studied the cluster size (F{g. 8) and in-plane resolution ([Fig. Z)ditection. There is no difference
between the geometries R ® plane.
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Figure 7: PXD in-plane resolutionlim] in R-® direction for different design options: CPS with bricked
structure, 5um pitch inR-® and 800 pixels irZ (filled red squares); CPS with bricked structure p50
pitch in R-® and 1600 pixels irZ (filled blue squares); CPS with bricked structure,un@ pitch in R-©
and 800 pixels irZ (open red squares); CPS with bricked structure,mOpitch in R-® and 1600 pixels

in Z (open blue squares); VPS with bricked structurep80pitch inR-® and 800 pixels irZ (filled green
triangles); VPS with bricked structure, ffn pitch inR-® and 1600 pixels itZ (filled black triangles); and
CPS or VPS with unbricked structure, pfh pitch inR-® and 800 or 1600 pixels i# (filled cyan circles).
The resolution for the first layer is depicted on the top, fa $econd layer at the bottom. PXD thickness
has been set to 50m.
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Figure 8: SVD in-plane resolutionlm] in Z for different vertex detector geometry options: SVD barrel
like (left) and SVD conical-like (right). The first layer isedicted with red, second with green, third with
blue and fourth with black colour. SVD sensors are g&0thick.
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Figure 9: SVD cluster size irZ direction for different vertex detector geometry optio&/D barrel-like
(left) and SVD conical-like (right). The first layer is depgd with red, second with green, third with blue
and fourth with black colour. SVD sensors are 320 thick.

2.4 Impact Parameter Studies

Figure 10: Definition of impact parameters iR-@ plane -dy and ins— Z plane -z, wheres denotes
the length of the trajectory arc IR-® plane. All parameters are expressed with respect to thecrefe
point P", the point of closest approach is denotedP@s

The resolution of impact parameters (IPJi- and zp, defined (Fid.1J0) as the projections of
distance from the point of closest approd#hto the reference poirfe’ (identical to the origin
for single particle studies and to the vertex for decay studies), are argeedure of the over-
all performance of the tracking system and are used to find the optimaetraartex detector)
configuration. The main reason is that the parameters naturally test thdayteetween the geo-
metrical setup of individual sensitive detectors and physics effeatscylarly multiple Coloumb
scattering and ionization losses. The mathematical formula describing thedatieno can be
then written as a sum of two terms: intrinsic detector resolution and the termdrétateultiple
Coloumb scattering, which depends on particle momenta:

o=/a2+b?/p? oftenwrittenas o =a®b/p

, where

p = pBsind®? stands for do (2.1)
p = pBsing®? stands for z (2.2)
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More details about howly andzy are defined in the ILC software framework can be foundlin [5].

In order to validate the whole software chain in the ILC software framewwoekhave first
studied the IP resolutiow(z) for positive muons reconstructed from thé/Jdecay (coming
from the decay of neutral B-mesons) in both BAGF[6] and ILC framé&wdiFor that purpose
we have implemented the Belle detector geometry.) Further, we have comghieded results
with the distributions from Belle cosmic muons measureméhts [7]. The IP resokiives are
depicted in Fig[ 41 and clearly demostrate a very good agreement betvee®alll standard sim-
ulation tool BASF and the new software used here.
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Figure 11: IP resolution -0(z) for positive muons reconstructed from¥Jdecay in BASF (red open
circles, red dashed curve) and ILC software (red filled escled solid curve). In addition, the resolutions
from Belle data/MC cosmic muons are depicted: data (dotyeah curve - upper curve), Monte Carlo in
BASF (dashed cyan curve - lower curve).

Finally, we have studied the expected performance of the Belle Il vertextde: PXD+SVD
for typical Belle Il particle energies, see the resolution region below 1i@&¥.[L2 and compared
obtained results with the performance of SVD only, Fi. 12. The IP resoltitis been defined as
the sigma of double gaussian core (for fitter stability), where the doubles@auhas been fitted
in the 90 % area, the non-gaussian (exponential) tails have been excllidedbtained results
clearly demonstrate the substantial improvement in IP resolution due to the instadlbP XD at
Belle Il

Parameters for PXD+SVD:

o(do) = (9.7+0.5) @ (11L1+0.7)um/p (2.3)
0(z) = (121+05)® (17+£1)um/p (2.4)
Parameters for SVD only:
o(dg) = (138+0.9) & (37 2)um/p (2.5)
0(z) = (15+1) @ (44+2)um/p (2.6)
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Figure 12: The impact parameter resolutionRa® plane -o(dp) (on the left) and irZ direction -o(z) (on
the right) for Belle Il detector geometry. Two options haezb simulated: results from the combined PXD
and SVD tracking (red squares) and from SVD only trackingégrtriangles). For comparison, in dashed
curve, the resolution of Belle vertex detector (SVD2), aled from the cosmic data, has been depicted.

For comparison, the resolution of Belle vertex detector (SVD - versioffR)fl] has been
depicted. It clearly shows how the PXD detector improves the IP resolulsoncampared to
the Belle experiment.

3. Summary

For the optimisation studies of the Belle Il experiment we have developed sirfulilation,
digitization, pattern recognition and tracking chain in the ILC software frapnewWe have val-
idated its functionality comparing impact parameter resolutions with those obtairibd Belle
software framework (BASF). Concerning the optimisation results, we bfudied the expected
material budget of the future vertex detector (Belle Il PXD and SVD) aguiificantly helped to
understand the resolution of the new pixel and micrstrip detectors. Merege have contributed
to the final determination of the Depfet pixel layout. And finally, we haveistlithe improve-
ment of impact parameter resolutions due to the installation of PXD vertex de#tdhe Belle Il
experiment and compared the results with those of a vertex detector cansisBND only.
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