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The physics case of the International Linear Collider (ILi€)ntended to encompass detailed
studies of the Higgs boson and top-quark sectors as well &srwfion-pair production, com-
plemented with direct searches for BSM physics manifastati All these components of the
physics programme involve flavour specific dynamical contemich calls for unprecedented
performances of the charged particle detectors compol@gxperiments, special attention be-
ing devoted to the possibility to achieve high performanaedilr tagging. The latter relies on
a spatial resolution per detector layer of a few micromerdsth directions, combined with a
material budget not exceeding 0.15 % of radiation lengths Thallenging objective is pursued
by taking advantage of the moderate radiation tolerancer@audlout speed required, combined
with the possibility to exploit the machine duty cycle fovper saving.

Since the delivery of the ILC TDR in 2012/13, substantialgress was achieved to develop a
vertex detector fully suited to the physics requirementsvegal pixel sensor approaches were
followed, both from the sensing technology and the readaothtitecture points of view. They are
motivated by the capability to suppress the impact of bedate@ background, which dominates
the hit density of the vertex detector, and tends to grow asntiminal luminosity of the ILC
is being extended to 4 to 6 times the baseline values. Ther gapemarises the performances
achieved as well as the status and the perspectives of fieeethif approaches. It shows that the
possibility opens up to realise single bunch tagging witlasq pixels featuring less than 20n
pitch and associated to a power consumption compatibleairttooling.
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1. Introduction

An electron-positron collider authorising high precisistudies of the Higgs boson and top
quark characteristics, while simultaneously opening therdo manifestations of BSM physics
unlikely to be observed at LHC, is a project driving deted®&D activities since more than two
decades. The relevance of its physics programme dependgllyrion the achievable detector
performances in terms of flavour tagging and charged paitiiacking. A vertex detector suited to
such a collider intervenes notably in both of these aspects.

The International Linear Collider (ILC) is the most advat@é the different options consid-
ered for such a future'® machine. The development of its concept, based on supi@ictive
accelerating units operated at 1.3 GHz, is carried on simedate nineties and has reached a de-
gree of maturity allowing to envisage its construction. Th€ features also the most convenient
running conditions as far as vertex detectors are concerned

A long term R&D is on-going to realise a vertex detector desigtimally suited to the ILC
physics programme, taking full advantage of the machinetasmnd of the progress made by in-
dustry. The design of the detector differs from most othetexedetectors by privileging physics
oriented requirements (spatial resolution, material ltidgexploiting the relatively mild running
conditions which allow to compromise the read-out speedradition tolerance. Beam related
background remains however the main source of performamdttion as it dominates the hit
density. It motivates the search for a time resolution alhgwior a single bunch tagging.

In the following, some aspects of the ILC machine impactimg tertex detector design are
overviewed, followed by an introduction to the vertex deteaesigns and main features. The
status of the R&D on the different pixel technologies coesdd is summarised next, followed by
an outlook exploiting the industrial evolution. At lastetpaper is summarised.

2. Thelnternational Linear Collider (1LC)

ILCisan € e collider expected to be hosted in Japan. Its design resaltséxtensive studies
performed by a worldwide community of experts. It is desedibin a Technical Design Report
(TDR [1]) published in 2013. The industrialisation of thechane key elements was assessed with
the construction of the European XFEL light source [2] ascittensions in the U.S. [3] and Asia.

The machine is intended to provide tuneable center-of-masgyies ranging from 250 GeV to
2 500 GeV and to be upgradable ¥p1 TeV. It can also run at energies encompassing the Z-pole.
Being linear, the accelerator delivers polarised beanso@ly 80 %, resp. 30 %, longitudinal
polarisation for electrons, resp. positrons).

Originally optimised for running at 500 GeV, the presentigiesoncentrates on 250 GeV. The
physics programme is supposed to start with an instantaneeominosity L = 1.3510°** cm s 1
for an overall power consumption ef 130 MW. The possibility to increase the luminosity was
studied, indicating that luminosities 4 to 6 times highdrti@n the aforementioned starting value
are reachable by increasing the number of bunch trains asgiogs (BX) as well as the power
consumption € 300 MW). These values are compared in figure 1 to the lumilessitnnounced
in the Conceptual Design Reports of alternative future ecolliders [5].
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Figure 1: Instantaneous luminosity (L) of the ILC as a function of tleater-of-mass energy &), com-
pared to those announced for othélee machines (CLIC, FCCee, CEPC). The label ILC-up corresponds
to a factor four upgrade of the initial value of L.

Present vertex detector requirements at the ILC may acdourthese highest luminosity
expectations as they dictate the beam related backgrouimchwiill dominate the hit density.
Another prominent beam parameter is its time structure. bBumeh-crossings, separated by a few
100 ns, occur within< 1 ms long trains separated by nearly 200 ms long beamlessdgerThis
duty cycle allows suppressing the average power consumpfithe detector in order to minimise
the cooling system needed within the detector fiducial va@luioreover, the interbunch spacing
being relatively long, a time resolution of a few 100 ns idisigént to separate bunch-crossings.

3. Main Aspects of a Vertex Detector

Two multipurpose experiments (called SiD and ILD) are esyéx] to be operated in push-pull
mode at the ILC unique interaction point [6]. The vertex d&ies of both concepts are optimised
for a highly precise reconstruction of the displaced vegi¢possibly with their electric charge),
including those occurring inside jets. Moreover, the vedetector is essential for reconstructing
soft tracks which, due to the high solenoidal field of the expents (3.5 - 5 T), deliver little
information in the other tracking systems because of thstadce to the IP.

The reconstruction of displaced vertices is achieved wéty \granular pixel sensors deliv-
ering a single point resolution of abouti8n in both directions, and composing detector layers
featuring overall< 0.15 % X,. The ambitioned spatial resolution may be illustrated vt two-
dimensional precision on the distance of closest approB€A], parametrised in a usual way,
where the standard deviatian, z on the reconstructed DCA amounts to:

Orpz < 5@10/p-sin®26 um,
wherep, resp. 6, stand for the particle momentum, resp. production angt¢. whe beam axis.
The corresponding degree of performance may be illustitagaeplacing each detector layer with
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the ATLAS-IBL pixels and material budget [7], which resuiltsthe following parametrisation of
the DCA in the plane perpendicular to the beam axis, whereitteds are most accurate:

Orp =~ 120 70/p-sin¥20 pum.

The comparison is displayed in figure 2; it shows the subisianiprovement anticipated from the
ILC vertex detector concept.
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Figure 2: The blue curve displays the transverse momentum dependétite pointing resolution for an
ILC vertex detector in both dimensions, based gar3resolution in both directions and on 0.15 % per
detector layer. The red and green curves display the résolakpected by replacing each layer with an
ATLAS-IBL equivalent layer. The latter features 50 x 2B6¥ pixels and 1 % X% material budget.

The realism of this performance, based on intensive R&Dymassince about two decades,
underlies the next sections. Two alternative vertex deteggometries, are considered: SiD fea-
tures a short cylindrical barrel made of 5 equally spaceglsitayers, complemented with disks in
each end-cap. ILD instead, relies on a long barrel compokgequally spaced double-sided lay-
ers. Both designs encompass radii ranging from 14 or 16 mr toré. Several pixel technologies
are considered, which are described in the next section.

The constraints coming from the running conditions are dateid by the hits due to beam-
strahlung € generated during the crossing of the particle bunches. S6them are generated at
the IP, some others originate from beam elements or end-&®&gtdrs hit by beamstrahlung pho-
tons about 3.5 m away from the IP. Because of their low monmeptiae core of the beamstrahlung
e remains confined inside the beam pipe by the high solenoildldf the experiments. This core
expands on both sides of the IP and determines the limit afi¢iector geometrical acceptance at
shallow polar angles.

The rate of this background, essentially proportional ®lthminosity, governs the time res-
olution requirements of the detector and tends to domirfeedquired radiation tolerance. The
latter amounts to an integraded ionising dose of O(100) kRaahd to a non-ionising dose 1012
Neg/CIMP/YT.

The Monte-Carlo simulation of the beamstrahlung relateéddaie suffers from uncertainties
accounted for with safety factors of at least 3-5. The sensw@y therefore need to comply with up
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to several tens of hits/chBX [8]. In order to minimise the disturbance generated bgrhstrahlung
e overlapping a final state of interest, the detector readvayt be pushed to single bunch tagging
or nearly so, i.e.< 1 us time resolution. This goal has however to comply with theegoing
constraint of suppressed material budget, which imposepitkg the average power density to
modest values (typicall 20 mW/cn?) compatible with air flow cooling. This constraint may not
apply as strictly to the innermost detector layer becauses ofiodest surface~{ 10 % of the total
detector surface). Moreover, it may be alleviated if michannel cooling can be implemented.

As will be shown in the next section, two alternative readlaptions are considered to address
this issue: one approach is based on a swift and continu@dsaet during the bunch trains,
followed by minimal activity inbetween consecutive tratassave power. Alternatively, the hit
pixel information may be stored inside the pixel array dgtiine train, the read-out occurring only
inbetween consecutive trains at reduced pace.

4. On-going R& D on Pixel Technologies and System I ntegration Aspects

Most of the R&D effort for an ILC vertex detector concentchten developing novel pixel
sensors, which would achieve a spatial resolution and arraktaidget well beyond the LHC
standard. Various alternative pixel technologies werelbged during up to 2 decades, several of
them having reached already quite satisfactory resultsedime of the TDR (2012) [6].

These results were obtained by compromising somewhat #teaet time. Improving the
latter drove most of the sensor R&D in recent years. The #&sacchallenge follows from the
very small size of the pixels imposed by the ambitioned spegisolution and from the very limited
power consumption compatible with the allowed materialdmid

Some aspects of the different technologies developed argded in the next subsections.
The latter concentrate on specific aspects of each techndtegnost recent progress and on its
expected evolution in the coming 5-10 years.

4.1 FinePixel CCD

Fine Pixel Charge Coupled Devices (FPCCD) are highly gean@ICDs featuring 5 x him?
pixels, where the signal charge is stored during the fulhfrand transferred through the sensor
bulk at the end of the train to the read-out electronics kxtait the ladder end. The charge-
to-signal conversion and signal transfer are performediainmal speed, exploiting the beamless
period between consecutive trains, in order to minimisepthveer consumption.

With a single point resolution @t 1 um, itis the most precise of all sensor options considered.
It features very low power consumption inside the fiducidlxze. Moreover, industry is expected
to produce 50um thin sensor slabs with full ladder dimensions, which misiesi the material
budget of the mechanical support. To suppress the bulk dagegerated by impinging particles,
the detector should be operated within gaseous nitrogdiec¢ad -96C.

The high spatial resolution allows to recognise a signifideacction of hit patterns coming
from beamstrahlung®e which can easily be discarded from the event reconstmctibhis ap-
proach requires special attention to the power needed tbaetathe large assembly of pixels and
is exposed to the danger of a high hit occupancy complicatiegevent reconstruction, thereby
possibly degrading its quality.
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At present, the R&D addresses the tests of full scale, 120 miB large and 50um thin
prototypes featuring 5xhm? pixels, the development of the charge encoding ADCs andtitie p
totyping of a nitrogen-based cooling system required taesehthe necessary radiation tolerance
(see for instance [9]).

4.2 DEPFET

DEPFET Pixel Sensors (DPS) allow for very light structurdsere the pixel array and the
mechanical support are unified in the same piece of silicdre dignal charge is sensed directly
in each pixel and the resulting electronic signal is clockatof the pixel array on a row-by-row
basis with very low power consumption inside the fiducialuwog, the signal processing chain
being located at the ladder end. It includes an ADC whichvwalexploiting the charge sharing
inside a cluster to achieve the targeted spatial resolution

The sensors are read out continuously during the trains speed reflecting the number of
rows composing a sensor, combined with the clock frequenhbg necessary spatial resolution is
anticipated to be achievable with 20 x R pixels read out every 2fs.

The first use of DPS in a particle physics experiment occumdbe recently commissioned
BELLE-2 experiment at KEK. They equip the two single-sidagdrs of the vertex detector (PXD),
corresponding each to 0.19 % XThe required spatial resolution and sensor thicknesdased
w.r.t. ILC, allowing for a 20us read-out time [10]. Extending the concept to the ILC realire
reoptimising the trade-off between pixel dimensions, settickness and read-out time.

4.3 Sol

The technology of Silicon on Insulator (Sol) is widely used X-Ray detection but was never
implemented in a subatomic physics experiment. Its devedop for the latter domain is still in
a rather early stage but provided already promising resékscompared to other technologies, in
particular to CPS (see next sub-section), its assets ralylyran the high density in-pixel circuitry
offered, particularly with the double-tier option recgndélddressed. The latter allows to stack and
interconnect two chips on top of each other at the pixel le@&nsequently, more functionalities
may be integrated in each pixel. Alternatively, the pixeksinay be squeezed to comply with the
ambitioned spatial resolution ¢f 3 um.

The on-going prototyping is based on a delayed read-outtacttre, where each 20 x 200
pixel hosts multi-hit signal and timing memories deliveria timestamp of the hits detected. The
position and timing informations of the full ILC train areostd in the pixel array and read out
inbetween the trains. A prominent result of the prototypm¢he validation of the pixel-to-pixel
interconnection technique based on gralarge micro-bumps [11].

4.4 CMOSPixel Sensors (CPS)

CPS are being developed since two decades for an ILC vertegtdeand have thereby intro-
duced the technology in subatomic physics experiments. fifdtevertex detector using CPS was
the STAR-HFT which was operated successfully from 2014 1628t RHIC/BNL [12]. Its 50um
thin sensors, manufactured in a 0,86 CMOS process, provided a single point resolution better
than 4umand a time resolutior: 200 us based on a rolling shutter read-out.
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A more powerful CMOS technology with a 0.18m feature size was used more recently
to realise the CPS ALPIDE equipping the10 n? large ALICE-ITS2 tracking sub-system being
assembled at CERN in perspective of the LHC run starting #2120 his CMOS process allowed to
integrate a shaping and discriminating circuitry insideheixel, combined with a sparse data scan
logic, which results into a substantial higher hit rate ddlist and a reduced power consumption.
The pixel size had however to be enlarged, translating ir#pagial resolution of- 5 um, for the
benefit of a data driven continuous read-out architectuaifeng a 10us read-out time.

The same process is presently used to develop the MIMOSKbséor the vertex detector
(MVD) of the CBM experiment at FAIR/GSI. Its design extentde ALPIDE architecture to com-
ply with more severe running conditions (e.g. 50 times hidtierate and data throughput as well
as a twice faster read-out). After three years of R&D, the firk scale prototype, composed of
0.5 million 28x30um? pixels with 5 us read-out time, is being fabricated. Its design is a possi-
ble baseline for the PSIRA sensor envisaged for an ILC veteggctor. An earlier prototype of
MIMOSIS, composed of only part of the pixel array (64 colunofi®04 pixels) and digital signal
processing circuitry, has shown that the front-end allawsafread-out below s [13], which in-
dicates that single-bunch tagging, based on a O(500 nsjawaime, may be reached. However,
substantial R&D is still demanded to shrink the pixel sizen@tch a 3um spatial resolution.

An alternative approach based on CPS is pursued within tlen@pixel project [14]. The
design singularity is that it gives priority to time stamgigach hit with a few hundred nanoseconds
precision, thereby associating the latter to the bunchsargswhich has generated it. The time
stamp may be memorised inside the pixels, which would be oaathbetween consecutive trains.
The prototyping has gone through 3 prototyping steps, basdd0 and 90 nm triple-well CMOS
technologies. The time stamping was prototyped with pigelstaining two 14-bit memory cells
to record the time stamp and a calibration circuit to compen$or comparator offsets. Other
prototypes addressed the optimisation of the sensing giadmmetres. An important future step
will consist in realising a complete sensor featuring mahall enough to comply with the required
spatial resolution while hosting a circuitry capable ofgdnbunch tagging.

4.5 Other options

As shown above, none of the R&D pursued up to now demonstthéd@ spatial resolution of
< 3 umand a single bunch stamping are achievable simultaneoutiinthe same sensor, more-
over with a power consumption compatible with air coolingvoltypes of alternative approaches
are therefore being considered. They either provide thetaméd spatial and time resolutions,
respectively< 3 umand < 500 ns, in separate sensors, or derive the spatial resolittm the
combination of two independent measurements of the impesitipn delivered by sensors provid-
ing the ambitioned time resolution.

One approach consists in equipping one of the detectordayith fast sensors, less granular
than those of the other layers, which provide the necesgaitias resolution. The track reconstruc-
tion will associate a hit generated in the time stampingray¢he corresponding hits generated in
the high resolution layers, thereby assigning to each stoarted particle trajectory the required
spatial and temporal resolutions. The technology of thesassors may be CMOS or LGAD.

Another approach anticipates that an extension of MIMO®I8d:provide a time stamp of a
few hundred nanoseconds resolution with pixels small endogleliver~ 4 umspatial resolution.
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By combining the positions of the two impacts generated hyigles traversing a double-sided
layer, one obtains the position of the hit with a resolutiomoanting to~ 70 % of a single pixel
resolution, thereby reaching the ambitioned pm.

5. Outlook

Sizeable performance improvement is awaited in the comeagsyfrom industrial progress.
An emblematic example comes from ASIC production, whiclvalisteady miniaturisation of
integrated circuits. CMOS foundries also offer the podigjtdf stitching, which allows for wafer-
scale sensors. Once thinned to a few tens of microns, thersera/ be curved according to a
cylindrical surface, with a sizeable gain in stiffness. A fgensors only are then required to equip
a complete detector layer, with a drastic suppression ohard@cal support material consecutive to
the disappearance of overlaps between neighbouring detectdules. This concept is promoted
by the ALICE collaboration, which aims for an upgrade of iextex detector [15]. Maximum
benefit is expected for the innermost detector layer, wherdeéam pipe may act as a mechanical
support.

Stitching is available in the TJsc 180 nm process used forlBERand MIMOSIS. It is also
accessible in a forthcoming 65 nm imaging process invastigéor the purpose of the ALICE
upgrade, within a partnership involving groups interestedlarious applications, including ILC
related tracking devices. The process should in partiallew for reduced pixel dimensions, and
therefore improved single point resolution. Overall, theletion toward this 65 nm CMOS process
is particularly promising and should benefit from a crossiligation between numerous projects.

Another promising R&D direction addresses the realisatibtwo-tier chips interconnected
at the pixel level through industrial micro-bonding teadues. High-density micro-bonding is
becoming widespread, which allows to distribute the an&dogt-end and the digital circuitry of a
pixel among two different chips being ultimately intercected at the pixel level. The result is a
reduced pixel size which improves the spatial resolutiocth @rhances the data compression. This
approach, pioneered with Sol sensors, is getting exteral€®s.

6. Summary

The ILC project is evolving toward a worldwide preparatotyape which makes it become a
concrete opportunity for a Higgs factory. Its physics parfance will largely rely on jet flavour
identification, calling for a vertex detector featuring atsal resolution and a material budget never
achieved elsewhere. These challenging requirements dressgd with various pixel technologies
by compromising the time resolution to a tolerable degreet(waccupancy by beam related back-
ground) and taking advantage of the modest radiation loabéen.

The performances achieved up to now are quite satisfactary the specifications expressed
inthe ILC TDR, published in 2012. Improvement is howeveliddde as far as the tension between
granularity and time resolution (versus occupancy) is eamed. Other issues remain also pending,
which impact the detector material budget (e.g. power ngglcooling).

These pending questions get enhanced by the perspectindrafraased machine luminosity,
which can be envisaged realistically given the maturityhef accelerator design. The consecutive
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increase of the beam related background strengthens theatiai for sensors offering a single
bunch-tagging capability, i.e. a time resolution of a fevd 18. On the other hand, the ambitioned
spatial resolution calls for a pixel pitch of about gén or less, depending on the charge encoding
granularity. Two R&D approaches are followed to match tregectives in a single pixel: a newly
available 65 nm CMOS technology and the possibility to smak double-tier pixel array. An-
other R&D activity addresses the goal of multi-reticle seaswhich greatly suppress the material
budget of the detector layers, in particular for the innestrame. Power consumption comes into
consideration with a slightly attenuated importance bseani the accelerator duty cycle and inter-
bunch spacing, which allows for power cycling the detectoi a time resolution with moderate
impact on the sensor powering.

Several of these studies are also relevant for heavy-iosighgxperiments and should benefit
from a substantial overall synergy. It seems therefordylikeat within the coming decade, the
feasibility of a vertex detector fully complying with the &itioned performances will emerge.
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