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The Super-LHC (SLHC) is a proposed Large Hadron Collider@)ldccelerator upgrade to in-
crease the machine luminosity by an order of magnitude t8ch® 2s~1. The increased particle
fluxes and years of radiation damage means that the Compamt Boienoid (CMS) experiment
at the LHC will have to replace its entire tracking systemxpextation of this. Power consump-
tion is a significant challenge in the design of a future tesickadout system due to requirement
for a higher granularity detector. Physics performancetmasbe compromised so the tracker
material contribution should be lowered where possibl#illialso be necessary for the tracker to
provide some information to the Level 1 system in order tontzan the trigger rate below a max-
imum of 100 kHz. A method of reducing the on-detector datafatinput into a L1 trigger using
closely separated (“stacked”) pixel layers is presentestailed simulations report that a tracking
trigger layer would be viable for use at SLHC, reducing theedir data rate by a factor 6f20
while maintaining a track finding efficiency in excess of 9686 tracks with g>2 GeV/c. Two
or more stacked layers could be used to reconstruct tracksdt /pr < 20% for pr<20 GeV/c
and with sufficient resolution so as to match tracks with Libiganeter objects. Recent progress
on stacked module R&D, trigger simulations and conceptgessis presented.

19th International Workshop on Vertex Detectors - VERTEX020
June 06 - 11, 2010
Loch Lomond, Scotland, UK

*Speaker.
for the CMS collaboration.

(© Copyright owned by the author(s) under the terms of the Cre@mmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:mark.pesaresi@imperial.ac.uk

Tracking Trigger Upgrade Plans for CMS at SLHC Mark Pesaresi

1. TheSuper-LHC

The proposed luminosity upgrafle[1] for the Large Hadron Collider ()Lid@xpected to take
place in two phases over a 10 year period after LHC start-up. With anaiseref a factor of
10 in luminosity, the LHC experiments will also require various upgrades iarcdal cope with
the increased particle fluxes, data rates and years of radiation damageCMS experimenf2]
is expected to replace its entire tracking system after an integrated luminosity0gffb-1 and
its inner pixel detector at least once before this. Aside from the radiatieratiwe of sensors and
electronics, the most important challenges are the development of low ptaeéonics and power
distribution schemes to the front end. To remove increased heat loads wihsystem, cooling
must be improved while tracker material must be reduced in order not to oomg® physics
performance.

The Level 1 (L1) systeri[3] is a customised hardware trigger designetbtoptly (<4 us)
reduce the event rate before event reconstruction and processlagge CPU farms. It has been
shown that the L1 trigger suffers from the increased pileup of up to 500rmam bias interactions
per bunch crossing at SLH[4]. Raising transverse energy §&d momentum thresholdst{p
offer little reduction in rate while adversely affecting sensitivity to low massadisdes and mea-
surements at the LHC. Since tracking information is not currently used inthddger decision,
it is hoped that its inclusion will stop the trigger exceeding its maximum 100 kHz RPxtaviding
tracking information to the trigger presents entirely new challenges in therdes@n upgraded
tracker. Specifically, the on-detector data rate must be reduced sigtiifiéar viable readout at
the bunch crossing rate of 40 MHz. In addition, the tracking trigger mustowtribute signif-
icantly to the power dissipation and material within the tracker and more importandy mot
reduce tracking performance and resolution.

2. Stacked Tracking Trigger Layers

Collisions at the LHC are predicted to produce a large number of low momerdttioles that
make up a significant fraction of hit data generated by the tracker (Hlju@harged particles with
transverse momentumrg 0.7 GeV/c are considered uninteresting for the purposes of triggering
since they fail to reach the outer sub-detectors due to the bending pbtherdT magnetic field.

By correlating hits between closely spaced (“stacked”) pixelated sgnus low g back-
ground can be rejected by only selecting hits that lie within a few pixels of etiwér in the
bending plane (). In a 4 T magnetic field, studies show that for a layer of stacked pixalosen
placed at 25 cm and a radial separation between senser$ wim, a pixel pitch of order 100m
in r- can be used to select tracks with transverse momentum greater than a\iéej[]. In
this way, the on-detector data rate can be reduced by at least an brolegitude before tracking
information is forwarded to the L1 trigger for matching to other trigger objects.

Correlation algorithms to match hits between individual sensors and identifiyti@igsverse
momentum candidates (“stubs”) are described in further detd]] in [6]. a@ifqular importance is
the r- or row correlation window which is the discriminator for measuring the trackature in
the magnetic field.
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Figure 1: Left: The pr spectrum (averaged per event) for all minimum bias paditiat leave hits in a
sensitive layer placed at a radius of 25 cm and at an averdggmf 400 p-p interactions per event. Events
were simulated within a magnetic field of 4 T and a coveragg p& 2.5. Right: Visualisation of a GEANT
defined stacked pixel layer including cabling, cooling arethanical support.

2.1 Simulated Performance of a Single L ayer

Realistic simulations on stacked tracking layers have been perfdjmedi@folfowing results
were generated with a geometry including two stacked pixel layers at 2&ad3%cm, with full
coverage up ton| < 2.5, 100um thick sensors and pixels with 1p@nx2.45 mm pitch in @-z.
Long pixels are used in order to minimise power requirements. With this graguthe occupancy
in a typical SLHC event at 25 cm is expected to<bE%.
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Figure 2: pr discrimination performances of a stacked layer for; Lefitgke u* tracks at various sensor
separations and a fixed 3 pixel row correlation window; Rightgleu™ tracks at various sensor separations
where the correlation window is widened with sensor sefmardsee Table 1). All results are for a stacked
layer at 25 cm.

For a fixed row correlation window, increasing the sensor separat®thkaeffect of increas-
ing the g cut at which stubs are generated. Fig[jre 2 (left) demonstrates howkadtager at
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25cm is expected to perform at discriminating against the transverse maomehtrtacks for var-
ious sensor separations and a fixed row correlation cut. The resuk sfrttulation using single
muons validates those from previous studies[5].

The efficiencye described in Figur]2 is defined as the ratio of total number of tracks with
Monte Carlo transverse momentuny{pvhich generate at least one pixel hit in the stacked pixel
layer to the number of tracks with Monte Carlo transverse momentyn(pich generate at least
one stub in the stacked pixel layer.
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Figure 3: pr discrimination performances of a stacked layer for single i+ and € tracks using a layer
with a 2 mm sensor separation and a 5 pixel correlation winddwesults are for a stacked layer at 25 cm.

The row correlation window cut is another method of controlling the trasgveromentum
against which tracks are discriminated. The difference is that while \@thig sensor separation
modifies the p cut continuously, changing the correlation window will modify thecpit in discrete
steps, as defined by the pixel pitch. Fig[ire 2 (right) and Tjable 2.1 deratattat increasing the
row window with sensor separation maintains giscrimination performance. Building a layer
with a larger sensor separation but with a correlation window that can fiedvanay be more
practical in terms of robustness to triggering demands and the physicsiat. SL

Table[2.1 shows that for a fixed correlation window, a larger separatibmerease the ef-
fective pr cut and therefore reduce the number of generated stubs. Howelragking isolation
is required at L1, efficient triggering on tracks with transverse momeraalefst 2 GeV/§[8] will
be necessary.The efficiency for triggering of tracks with-@ GeV/c is also provided in Tabje 2.1
along with the average ratio of duplicate and fake stubs (Figure 4) to totad.sfihe reduction
factor is defined as the ratio of average number of hit pixels to the avetagber of generated
stubs in a layer, per event. It is an indication of the reduction in the numbgtsofo be read out
if correlation was to be performed on detector. An order of magnitude degaeduction will be
required if the readout system is to satisfy existing power and cablingraamts[6].

Figure[B compares the performance for the stacked layer when selectimg pion and elec-
tron tracks by p. Although the difference appears minimal, the layer is less effective atiragge
low transverse momentum electrons and especially pions, compared to muwresihe stacked
trigger layer assumes an interaction vertex at the beam axis;rtoé articles from secondary
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Figure 4: lllustration on the origin of duplicate and fake stubs; (ajbnstrates that if the row correlation
window is > +1, clusters of hit pixels can give rise to multiple stubs. Thenber of duplicates could

be reduced to zero using a clustering algorithm either leedorafter correlation. Tracks which would not
normally pass the correlation cut may still produce a stutite are incorrectly matched with those from
another track (b).

Sensor Row EMuon Nswbs | Fake | Duplicate Rate
Separation Window || pr>2GeV/c Reduction
(um) (pixels) (%) (%) (%)
1000 3 99.2 2670.5| 6.6 30.9 22.0
1000 4 99.2 4150.9| 5.6 36.6 14.2
2000 3 97.1 1054.1| 23.3 22.4 54.4
2000 5 98.7 2248.3| 18.1 28.0 25.5

Table 1: Trigger performance of a stacked layer at 25 emon is the efficiency for triggering op ™ tracks
with pr>2 GeV/c. The percentage of fake and duplicate stubs and theaduction factors are calculated
from simulating the stacked layer in minimum bias eventseur&l HC pileup conditions. A configuration
with 2 mm separation provides adequate performance, whileiag the option of varying the correlation
window cut based on operating conditions and physics remeénts.

interactions or bremsstrahlung electrons can be reconstructed inttorheis therefore important
that the material in the inner detector is minimised.

The trigger algorithm needs to be able to operate efficiently at any luminosity sthl offer-
ing the same reduction in data output and must also be robust againstalrorigiobal fluctuations
in occupancy. In the most extreme cases, it may be possible that the stagkedill be subject to
peak hit pixel occupancies of up to 0.63%.23%[§]. Figurd]5 demonstrate that for occupancies
up to 0.6%, the performance of the stacked tracker is robust againgt.pileu

2.2 Simulated Performance of a Double L ayer

In a double stack configuration, each layer would be able to provide tessary data rate
reduction required for transmitting tracking information off detector betaneelation for track
reconstruction. The advantage of this design would be that tradap be measured but no on-
detector communication between layers would be needed, removing theandeghf bandwidth
links and a complex interconnection scheme between modules which greatdgsedhe power
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Figure5: Left: Average number of generated stubs per event and; Rigigiger efficiency for muons with
pr>2 GeV/c (left scale) and rate reduction factor (right scale)a function of average layer occupancy.
Results are for a stacked layer at 25 cm with a sensor sepaHtl mm and a row correlation window of 3
pixels.

consumption and material of the system.

Figure[§ illustrates how tracks are reconstructed. Stubs from the inmérasta successfully
correlated if they fall within aA@An=0.02x0.1 window of the upper seed stub. The window size
in Ag must be large enough to accept lowtpacks and to allow for multiple scattering within the
inner layers. The\n window size is dominated by the size of the interaction region in z. The
two stacked layers are placed at radii of 25cm and 35cm with covenade || <2.5. Both
layers use 10xm thick sensors with a sensor separation of 2mm. The transverse momentum is
calculated using the two stubs and an assumed vertex at (0,0). This allavgbles cut on
(~5-50 GeV/c) to be placed on the reconstructed track, as is performed ¢utitent High Level
Trigger[3]. Isolation performance for tracks with 2 GeV/c transverse nmianis not discussed
here.
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Figure 6: The double stack reconstruction method. Stubs from theristeeked pixel layer which fall
within aAnAg window of a seed stub in the outer layer are correlated.
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PTcut EMuon | €pion | Eelectron | NReco | NFake
(GeVic) | (%) | (%) (%)
4 96.9 | 91.8| 915 | 104.6| 66.6

6 97.0 | 91.9| 89.9 55.9 | 43.8
10 96.9 | 91.6| 86.8 29.8 | 254

Table 2: Trigger performances for single muons, pions and electvatts reconstructed > preyt USINg
the double stack geometry and an individual stack row caticel window cut of 3 pixels. Efficiencies are
for reconstructed tracks with Monte Carlg pboveprq. Average number of total and fake reconstructed
tracks per event obtained under SLHC conditions.

Table[2 shows that the number of reconstructed tracks is much lower thaartieer of stubs
per layer while efficiencies are maintained for muons and pions. Due to@idmtemsstrahlung,
the electron efficiency falls as the put is raised. A large fraction of reconstructed tracks are com-
binatorial fakes; irreducible without reducing theAn window or supplying additional matching
information. However, since the total number of reconstructed tracks i, $higis not expected
to be a problem once tracks are matched with calorimeter deposits or muonStudies measur-
ing the simulated L1 triggering performance for objects such as muons arbakeunder SLHC
conditions are ongoing.
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Figure 7: Left: Transverse momentum, and; Right: z vertex, (rms)lwtsms for reconstructeg®, ™
and € tracks using a double stack layer geometry. Results arefbtracks passing a 4 GeV/g put and
a tight correlation window of 3 pixels for the individual skes.

Figure[J shows that the transverse momentum resolution is measuree&0be for muons
and pions up to 50 GeV/c. Due to bremsstrahlung, theepolution is slightly worse for electrons.
The matching resolution at the calorimeter surface is measuredA@bg < 0.02<0.15. While
the pr resolution is certainly not acceptable for tracking, it does offer a eaawethod for cutting
on the transverse momentum so that trigger rates can be reduced if dequiaso provides the
trigger with an additional cut when matching tracks to calorimeter clusters Ibylation of the
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E+/pt ratio or when matching to muon objects. Increasing the separation betwesvotstacks
would improve the p resolution.

3. Triggering with Stacked Tracking Layers

The ultimate objective of the tracking trigger upgrade at CMS is to stop the Ldetrigx-
ceeding its maximum 100 kHz rate. Detailed simulations have begun on identifgraglthtional
triggering performance a system with stacked tracking layers would brittgetourrent L1 ob-
ject algorithms. As has been discussed, the triggering efficiency for snusing stacked layers
is ~97% while the p resolution is adequate for matching to the muon system. At high pileup,
the muon rate at L1 is dominated by low jets which can be easily suppressed iffanpatching
requirement between the stacked layers and the muon system is imposed.

Of greater importance is the estimated triggering performance of the electmfifichtion
algorithms at L1 since the double layer tracking simulations show much pofficerecies and
momentum resolution. At L1, the electron rate is dominated by high momentsrfrom jets. It
could be expected that matching between stacked layer track candiddteslanmeter deposits
might suppress these background rates although without detailed simuli&ti®mspossible to
gauge the effect of photon conversions and electron bremsstrahtutite anatching efficiency.
Preparatory studig$[9] have shown that using two stacked layers viw@ra 2-point track plus
electromagnetic calorimeter electron candidate, a factor of 20 reductioneinsraossible with
respect to the current calorimeter trigger for a given threshold (Ff@urin this study, the tracks
were required to lie within a windoy@An < 0.25x0.1 of the calorimeter candidate while both
Er and g thresholds were placed on the calorimeter candidates and track candidggestively.
With an overall triggering efficiency of75% due to the poor reconstruction performance of the
electron track, further studies are under way to determine whether addlitiaoking layers could
provide a better estimate of the electromdpspite contributing extra material to the system.
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Figure 8: Mean rate of calorimeter candidates (red), 2-point tractched to calorimeter candidates (violet)
and 3-point track matched to calorimeter candidates (cgam)function of applied{and g thresholds for
background events under SLHC conditior200 pileup)[d].
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4. Module Conceptsfor Stacked Tracking Layers

There are currently a number of stacked layer module concepts unilew natilising both
existing and pursuing R&D into novel technologies. The requirement isticatrmodules must be
able to contribute to both triggering at Level 1 while also buffering and tnitting data for readout
at 100 kHz. This must be achieved with the minimal power penalty while the ambuordterial in
the final system must be reduced with respect to that of the currenétradikree possible concepts
are highlighted here.

The “Edge Readout” design focuses on currently available technologidhe potential
for easy prototyping[10]. The module consists of two stacked sensitimsawpixel cell size of
~100umx2 mm read out by a coarse pitch bump bonded ASIC. Modules of this typklveeu
utilised at intermediate radii (25-50 cm), making use of the low occupanciézasdits can be
transferred to the edge of the chip at low speed and hence low powdre &tlge of the module,
the readout chips would be interconnected via the PCB. This design allevpesibility to inte-
grate cooling within the inter-sensor gap. The power consumption is estimdteattOOuW per
pixel excluding the link power, which is expected to be of the same order.

The “Vertically Integrated Hybrid Module” is based on 3D-interconnect&rhnology with
data transfer between stacked sensors vid aam low mass interposer laypr[11]. The pixel cell
sizes are approximately 1@0nx1 mm, with the option of differing pixel lengths between the up-
per and lower sensors in the module. Analogue data is transferred feoupgier sensor through
the interposer where a single 3D correlator and readout ASIC residetmp of the lower sen-
sor. This design allows for the implementation of a flexible local trigger logic with power
consumption per pixel. A 3D demonstrator chip (VICTR) is currently in fediram.

Section near inter-layer interconnect

upper layer lower layer Sensor -
column column
128/192 128/192 R — !
channels channels ‘
n bit bus n bit bus
Through 5 >
interconnections
Interposer
1-2mm
assembler
fﬂ store +
embedded
(memory capacitance ~ = 0.800 mm
buffer for
full Signal layer —» T T 1
ﬁ @ @ readout) Bump bonds ‘

ROIC — Sensor .3mm

BB

interconnect

multi-via
chip 1

Figure 9: Left: Example illustration of the edge readout module c@hcand; Right: a section of the
vertically integrated module.
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The “Stacked Strip” module again focusses on currently available tedjieslbut uses layers
of closely separated 5 cm long strip sensors instead of pixels. As sudunjesmf this type would
be used in layers at radii 30-100 cm, and possibly in the endcaps. Fotimsénsors, the strips
of pitch 80-10Qum would be wire-bonded at the edges to a binary readout ASIC with a minimum
50 um pitch. A prototype binary chip (CBC) for short strip readout but withtoigigering capabil-
ities is already in fabrication and future versions could incorporate ledioe logic for triggering.
This design carries obvious advantages in reducing the complexity of ayvdted tracking and
triggering system by using the same module and readout ASIC for the emifréracker and by
using well known and cheap technologies. Further studies are redaidstermine the viability
of such layers for efficient triggering at L1.

5. Summary

The CMS experiment plans to upgrade its tracking system in expectation lofitbéduminos-
ity upgrade. The detector design will be driven by the requirements ofrifygi@ operating con-
ditions at SLHC, a need to reduce material for improvement in detector aysicptperformance
and the possibilities to provide tracking data to the L1 trigger. The stackedapez concept has
demonstrated viability for use at SLHC. Simulations show that a on-detedtoratiuction of-20
with >96% efficiency will be possible allowing transfer of data off-detectoro Btacked layers
could be used for off-detector reconstruction of tracks \ith /pt < 20% for pr<20 GeV/c and
with sufficient resolution so as to match tracks with L1 calorimeter objects. Signifchallenges
still remain in the realisation of such a system. The power consumption for ke $aygr is ex-
pected to be large and requires careful consideration as do cost arfdtipnetotyping. A variety
of module concepts for stacked tracking layers are under consideeattbR&D. The collabora-
tion is working towards defining a common tracker layout in 2011, includingr$agtedicated to
both tracking and providing tracking information to the Level 1 trigger.
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