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The LHC detectors are well into their construction phase. The LHC schedule fatsbw
beam to ATLAS and CMS in 2007. Because the LHC accelerator has begun to plan for a
ten fold increase in LHC design luminosity (the SLHC or super LHC) it is tumsoon

to begin to think about the upgrades which will be required of the present LHC detectors.
In particular, the tracking systems of ATLAS and CMS will need to be coetplet

rebuilt. Given the time needed to do the R&D, make prototypes, and construct the new
detectors and given the accelerator schedule for the SLHC, work needstoaltiegyi

soon.

Outline

There has already been a study in some depth about the physics reach ancethe need
upgrades to the LHC experiments, ATLAS and CMS, in the recent past [1].
Subsequently, there were presentations at the CERN ICFA meeting on tleeatocel
upgrades [2], the detector upgrades [3] and the consequent physics reach [4].

In this note only a brief overview of the detector needs is attempted. If sheetenfold
increase in luminosity (the Super LHC or SLHC). First an example of theased
physics reach using sequential Z bosons is given. The rapidity distribution gfdiates
is also illustrated. Then a simple parameterization of the inclusive ioglastminbias”,
events is presented.

This model is subsequently used to explore the impact of a tenfold increase in pileup on
jet finding and reconstruction at the SLHC. It is also used to estimate the ncguba
tracker elements and the ionization radiation dose sustained by the trdssr. T
estimates inform on the shape of possible tracker upgrades for the SLHC and the
associated front-end electronics, which must also be upgraded.

The calorimetry of ATLAS and CMS must also be strengthened in order to wibwk at
SLHC. The ATLAS liquid argon and the CMS crystal and scintillator calorinaety
briefly considered. A reduction in forward angular coverage to compensate for the
increased radiation field is mentioned. For the muon system a similar reductiguiara
coverage would maintain the remainder of the system in a state essentiadyntnas



that for LHC operations. Finally, triggering and data acquisition issues aa@itur
discussed.

Physics Basics

In order to get a feeling for the physics gains to be had with the SLHC, cotisde
production of a sequential Z of mass M. The production is assumed proceed by way of
Drell-Yan annihilation of a quark-antiquark pair. The number, N, of detected Z depends
on the luminosity,/, the electroweak fine structure constanj, the mass M, the C.M.
energy, s, and the width in rapidity space over which the Z is prodhgédhich can be
taken to be a constant). The number of produced Z’ is:

N = {77a,[ xu(x)xu(x)] _,,, 3+ B €€ + ) [Ay/8M 7] (1)

For quark distributiong,xu( X) xu( x)] :O.36\/;(1— x ), if N = 100 is discovery level

then M ~ 5.3 TeV is ~ the mass “reach” in 1 year at the SLHC where 4 TeVreaitte

at the LHC (M =4 -> 5.3 TeV). A plot of the maximum M as a function of luminosity for
different C.M. energies is shown in Fig.1 where the Z’ is assumed to have the same
leptonic branching fraction as the Z.
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Figure 1: Required luminosity for discovery of a sequential Z boson for p-fdearsliat
four different C.M. energies



In general the mass reach is increased by ~ 30% for Z’, heavy SUSY squgitkaas

or extra dimension mass scales. A ~ 20% measurement of the HHH coupling is possible
for Higgs masses < 200 GeV. However, to realize these improvements we need to
maintain the capabilities of the LHC detectors.

It is important to show that all rapidities covered by the present LHC detectonot

equally populated in the study of high mass objects. For example, foral TeV and 5 TeV
Z’ the distribution of the decay leptons in rapidity is given in Fig.2. Clearly eiptets

will be sharply limited to low |y| or large angles (“barrel”). Heawatest decay at wide

angles defined purely by kinematics. Therefore, for these states voemdgentrate
preferentially on the wide-angle detectors.
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Figure 2: Rapidity distribution of electrons from the decay of a sequentiaé@h at the
LHC fora 1 TeV and a 5 TeV boson. The arrows roughly indicate the barrel region.

“Minbias" and Pileup

In order to get an approximate picture of the “pileup” of inclusive inelagéinte at the
LHC, a simplified model is attempted. A non-diffractive inelastic intevacit the LHC
has several simple characteristics. The cross sectignvghich is ~ 50 mb. The

interaction produces ~ equal numbers®f7°, 77 which are distributed ~ uniformly in
rapidity, y, with a “density” p =(1/0,)do /dy ~ 9 pions per unit of y. The pions have a
distribution in transverse momentum with a meap, > ~ 0.6 GeV.

In this note it is assumed that the bunch spasmgduced by a factor of two to 12.5
nsec. It is understood, that there may be acceleisstues to be confronted (e.g. electron
cloud) which make this short bunch spacing unadtais Nevertheless, under this



assumption the number of interactions/crossingnig imcreased five-fold at the SLHC.
The optimistic assumption is made that interactinestime resolvable between bunch
crossings. In that case the pileup noise in thericaéter is increased by 2.2 times. Again,
if crossings are time resolvable in the trackerabeupancy of a detector element only
increases fivefold. The tracker occupation candtenated using a charged pion density
of p. ~ 6 charged pions per unit of rapidity, a lumitypgi=10" /cm* [sec and a bunch

crossing time of 12.5 nsec. The expected paramieteoperation at the LHC and SLHC
are shown in Table 1.

Table 1: Parameters of the LHC and SLHC

LHC S HC

Vs 14 TeV 14/Te
L jenfsec 10 10%

fb'llyr 100 1000
Bunch spacing dt 25ns 25mhs
N( interactions/x-ing)| ~12 ~ 62
dN,/dn per x-ing ~75 ~ 375
Tracker occupancy | — - . 5
Pile-up noise = ~2.2
Dose central region | =1 . 10

Jetsat SLHC

The pileup at the SLHC is expected to adverselgoethe efficient and clean ( few fake
jets) detection of low transverse momentum je&STdtAS and CMS. In a cone of radius,
R= 0.5 there are ~ 70 pions, or ~ 42 GeV of trarseyenomentum per crossing at the
SLHC. This makes low Et jet triggering and recamstion difficult.

There has been a heavy ion study [5] of Pb-Pbstofis where the density of produced
charged pions is ~ 5000 per unit of rapidity. Tharged particle density is similar to that
for 833 p-p pileup events per bunch crossing amarnosity ~ 13 times higher than the
SLHC. Nevertheless, as seen in Fig. 3, the resolutf the jet energy is only degraded
by 30% after an event-by-event procedure for pileuiptraction is applied. Indeed, the



detection efficiency and purity of the jets is guifood for jet transverse energies above ~
50 GeV.
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Figure 3: Energy resolution of jets in A-A collis®at the LHC. The charged patrticle
density is ~ 5000 in this case, compared to ~@Bfincollisions. The jet energy resolution
is only degraded by about 30%.

However, the lower transverse energy jets that@ppevector boson fusion appear at
small angles and are not without difficulties. Tégsts haveE; ~M,, /2 and the

“minbias” pileup within a cone of radius R = 0.5daxy> ~ 3 is of a comparable
magnitude in transverse energy (42 GeV).

A study of the impact of SLHC pileup on the proligpbf finding a fake “tag” jet is
shown in Fig. 4. Clearly, there is a loss of adaet 5 in fake rejection. To recover that
loss one must use the energy flow inside a jet cgpecifically the existence of a high
transverse momentum jet “core”, to further reduneefaike jets due to pileup (which is~
uniform in R). The granularity of the LHC calorireetAnA@= (0.087¥, means there

are ~ 100 towers within a cone of radius R = 0lictvallows for a detailed
characterization of the energy flow within the jet.

It should also be possible to use the tracker tmeléenergy flow” inside the jet. Indeed,
the tracker can also be used (energy flow modsjitbtdract charged energy deposits from
vertices within the crossing which are not of ietr That removal would further reduce
the pileup energy by a factor 2/3.



Pileup, R=0.5, |y|=3
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Figure 4: Plot of the probability for fake triggers single and double “tag” jets at the
LHC and the SLHC. Also indicated is the level depp in a cone of radius 0.5 and |y| =
3. Without careful mitigation, the single tag fakese dramatically in going to the SLHC.

Clearly, the tracker is crucial for much of the Lig8ysics [e.g. g4, jets (pileup, E

flow), b tags]. However, as will be shown, the &rig trackers will not be capable of
utilizing the increased luminosity, as they will bear the end of their useful life.
Therefore, it is necessary to completely rebuikllthiC tracking detectors. This will be
the major element of the SLHC upgrade program.dther detectors do not require
radical changes. Increasing occupancy of the detet#@ments, which causes pattern
recognition difficulties, challenges the trackdreey also suffer from a ten-fold increase
in radiation dose. These twin challenges definae¢l@irements of the upgrades for the
trackers.

Occupancy and Radiation Dose
The occupancy, O, for a detector of area dA andisea time dt located at (r,z) is

O = (0, p.(dAdt) /[27mr7] ()
Clearly, Eq.2 holds for sensitive times greatenttige bunch crossing time. For example,

a silicon strip 10 cm x 100m with a 12.5 nsec sensitive time at r = 20 cmahasd %
probability to be occupied by a charged track at3hHC. For the higher luminosity



burden of the SLHC one can decrease dA, or decttdfmit is the crossing time) or
increase r ; get smaller, faster or further away.

The goal to is preserve the full tracker perforneartthe silicon strips are pushed out to
~ 60 cm then the performance is ~ that of the Li{Psat 20 cm. This will require
development. If one pushes the pixels out to 20tbemperformance is roughly that of the
LHC pixels at ~ 7 cm, again requiring developmauttimothing fundamentally new.

However, for r < 20 cm there is a pressing neechéw technologies which will require
basic research. Note that constant occupancgsepres b tagging, but, with 12.5 nsec
bunch crossing time, requires a five-fold pixekesteduction. Some

possibilities are 3-d detectors with electrodelutk columns, diamond detectors (RD42)
which are radiation hard, cryogenic detectors (RD@8ich are fast and radiation hard,
or monolithic detectors which should be cheaperfaater (reduced source capacity).

The tracker elements also have to stand a teniffotdase in the radiation field at the
SLHC. The ionizing dose, ID, due to charged patids:

ID = (0, p7[dE/ d( 0’ X)] /2 7177] @)
In terms of adjustable parameters, the dose depanig®n luminosity, radius, and
exposure time. For example, at a radius of r = 20 cm, the SLi#€eds ~3 Mrad/yr. In
this rough estimate one ignores heavily ioniziagks, track curvature, magnetic capture
(“loopers”) and track interactions. In Fig.5 thssdalled the “naive” expectation. Clearly,
this estimate has the correct radial dependenceerdied by a detailed Monte Carlo
program. The detailed estimates are higher, ancathiation doses are fierce. For
example, the dose at 5 cm. is ~ 100 Mrad/yr. migh to early to decide whether the full
LHC tracking system capabilities can be maintainettie face of this hostile
environment. An R&D program should be mounted \srgn.

Tracker Upgrade

It is conceptually useful to break up the track@ume into radial regions. Roughly,
with 10 fold increase in L, one needs a ~ thred fiotrease of radius to preserve an
existing technology.

Region 1-r <20cm:

The occupancy requirement means that the pixelsiaald be a factor ~ five smaller
than used today. For example, 125x12% would perhaps become ~ 50 x [B®7. This
pixel shrinkage would also benefit b tagging. Hoarevnuch R&D on fundamentally
new pixel sensor technologies will be needed.
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Figure 5: lonizing radiation dose as a functiomawfial distance for the tracking system
due to charged particle tracks at the SLHC. Theenakpectation is also shown.

Region 2 - 20<r<60 cm:

For this region one possible solution is to uselpdell sizes ten times larger than current
pixels but at a cost/channel ten times lower tharent silicon microstrips. That would
benefit the momentum resolution and improve pattecognition. A less ambitious
solution would be to upgrade the design of theimust silicon microstrip layers of the
current LHC detectors. R&D on thinner sensors thuce interactions would be helpful.

Region 3-r >60cm:

Clearly, the present designs can survive in thagore For the silicon strips pattern
recognition argues to decrease the size of stripkewmnaintaining the standard “radiation
resistant” microstrip technology. R&D is still nestito follow commercial
developments. For example, a feasibility studyrotpssing detectors on 8” or 12”
silicon wafers would be very useful.

Engineering:

The engineering should be put in place ab initizer& must be R&D on new materials,
lightweight and stable structures, cooling, alignimeryogenic operations, installation
and maintenance. For example, an expected trackeaton of ~ 250 mSv/hr has
serious implications for access and maintenance.

Micro-electronics:

The front-end electronics for the tracker is clgsmupled to the sensors. Indeed, it may
be a monolithic three-dimensional device with iméégd electronics readout. It has been
true for some time, see Fig.6, that line-widthsrdase by a factor of two every five

years. For example, deep sub-micron (DSM = Qu2} is radiation hard and widely used



at the LHC. Today 0.18m is commercially available (Fig.6). Meanwhile tive
research lab 0.0dm, e.g. extreme UV lithography, is in existenceerBfiore, one can
confidently predict that the trend will continue Bndecade, which allows an
extrapolation to the time when the SLHC upgradelpases are scheduled.
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Figure 6: Feature size available in electronicé liothe R&D phase and in the
commercially available processes as a functiorate#frclar year. Recent developments
are shown as stars in the plot.

A possible electronics R&D plan is to characteergerging technologies. In particular,
more radiation tolerance is going to be requirddsTs not just an issue of dose but also
of single event effects (upset and latch up) vhlngmaller feature sizes. In addition, the
commercial arena shows rapid growth in advancel bapdwidth data link
technologies. In this case one wants to addresg@hécs system issues from the start.

Timescale:

The necessary preparation will obviously need ed@y of R&D and prototyping. The
full upgrade will need 8-10 years from the firaingh of R&D, assuming ~ 4-6 years of
construction. Given that the LHC accelerator i€assing the time period ~ (2012-2014)
for the SLHC, it is required that ATLAS and CMS bethe R&D program rather soon.



Calorimeter Dose and Oper ation

The calorimeters operating at the LHC are at largéi than the trackers. However, the
full energy of the secondary tracks is absorbedopsixng the calorimetry to larger energy
deposits per track than the trackers. The showeliisg (SD) in the electromagnetic
calorimeter (ECAL) is ~ due to photon showers and i

D =10, p,r{dE/ d( " Xl < Py > /SINGE,]/[2717]
=(I1D/2)[< p; >/sinGE,] (4)

Basically, the dose is the ionizing dose (ID) erdeahby the number of particles at
shower maximum, which is roughly the photon eneligided by the critical energy,.E

in the material. In the barrel, SD is(#r*sin8] which has only a weak angular

dependence. In the endcap however, SO[2°6°] ~ (¢/ z*)e” which has a very strong
angular dependence. For example, at r = 1.2 nRlbavith & = 7.4 MeV, the dose is
estimated to be 3.3 Mrad/yr at y=0, and 7.8 Mradtyjy|=1.5. The results of a detailed
Monte Carlo calculation and these “naive” estimaresshown in Fig.7. The basic
angular dependence of the “naive” estimates isitcoead.

The dose ratio of the hadron calorimeter (HCAL)hte ECAL is due to the different
energy thresholds for shower multiplication and i€, (77+ p - 7+ 77+ p)/E, where

the threshold for pion production ig,EThis rough estimate for the ratio is also obseérve
in Fig.7.

The barrel doses are not a problem for the LHCroakiers. However, for the endcaps a
technology change may be needed for 2 < |y| < }hW®CMS HCAL. One possibility is

to switch from scintillator (Fig.8) to the quaribdrs which are already in use in the
forward calorimetry, 3<|y|<5, using a technologattiorks at the LHC up to |y|~ 5 and
migrating it to |y|~3 guided by the factet in the dose. The ECAL of CMS has APD
leakage current noise issues in the endcap asawedldiation damage questions, which
will require development.

The ATLAS LA calorimetry has space charge andentrdraw issues, which become
worrisome for the small angle regions of the ende@a\L. The region of critical energy
density deposit is shown in Fig.9. These questass require development rather than
fundamentally new detectors. Possible ATLAS sohsiare an alternative cryogenic
liquid or a cold dense gas.
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3 Dose in ECAL and HCAL for L = 1G° and One Year
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Figure 7: Shower dose in the CMS calorimetry asnation of pseudorapidity for both
the electromagnetic and hadronic compartmentsnahes estimate is also shown for

comparison.
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Figure 9: lonization density in the ATLAS liquidgam calorimeter as a function of
pseudorapidity of the electromagnetic compartment.

It is clear, Eqg.4, that the worst difficulties @idiation dose occur at the smallest angles.
One simple possibility is to reduce the forwardexage to compensate for the ten-fold
SLHC luminosity increase. For the case of vect@oncofusion production, Fig.10, this
reduction is not too damaging to “tag jet” effiosgn A reduction to y < 4.2 naively keeps
the dose constant. As seen in Fig.10, the peaK féag occurs at |y|=3. If deemed
necessary, one could replace the CMS quartz fikghshigh-pressure gas. This is an
area where development is needed.
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Figure 10: Rapidity distribution of the “tag” quarkn vector boson fusion production of
a light Higgs boson. The arrows show the CMS angidaerage and the coverage that
would yield the same radiation dose as |y|=5 aStHdC.
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Muon Systems

Typically, for the LHC muon detectors there is tact five in “headroom” at design L.
For the SLHC there are several possibilities. Grjast to maintain the angular coverage
and develop more radiation resistant technolodiasalternative possibility is to
acknowledge that one is probably studying massates at the SLHC (Fig.2) and to
consider reduced angular coverage, as was dolegf@alorimetry.

In addition, the reduced coverage would allow ftegraative shielding schemes. With
this added shielding, the dose rates in the mustesy(and other forward detectors) can
be kept constant if the angular coverage goes fypr2.4 to |y|<2. A detailed comparison
of the shielding plans is shown in Fig.11. It appehat the neutron background can be
controlled with this minor reduction in angular esage. More detailed physics studies
will be needed to assess the real impact on theCShly/sics program.
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Figure 11: Neutron fluences at CMS for the LHC #melSLHC configurations of
shielding
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Trigger and Data Acquisition

The trigger and data acquisition (DAQ) subsystentidoe largely driven by commercial
developments. Assuming that the LHC initial phygiosgram is successful, one can
simply raise the trigger thresholds. That just orgrthe concept that SLHC is moving
forward to study heavier mass states.

If the bunch crossing time can be reduced it isaathgeous to rebuild the trigger system
to run at 80 MHz. For triggering, one then triesititize those detectors that are fast
enough to give a bunch crossing identification witt2.5 nsec (e.g. Calorimetry,
Tracking).

In general, developments in front end electronidkalow more intelligence to reside
before the L1 trigger. These advances should lefudhrtracked and then exploited. The
DAQ must either design for the increased event (@ieup) with reduced first level (L1)
trigger rate or accept data compression and desbgmign method to reduce the data
volume. For the DAQ system the rapid advances immaercial technology argue to
carefully track the evolution of communication teologies, e.g. 10 Gb/sec Ethernet.

Summary

The LHC physics reach will be substantially incezhby the higher luminosity available
at the SLHC. In order to realize that improvemémt, LHC detectors must be adapted at
the SLHC to preserve their LHC performance. Thekiees must be rebuilt with a
fundamentally new technology at radii below 20 @imat upgrade will be the major item
in the SLHC upgrade program. The calorimeters, naystems, triggers and DAQ will
need development but not wholesale replacementupgeades are likely to take ~ (6-
10) years. The SLHC accelerator is thought to bdye- (2012, 2014). Given that the
development time for the present LHC detectors atdsast a decade, the time to start is
obviously “now”, and the people to do the job drese who did it for the present
detectors. Since the LHC detectors are not yet desiomed, new people are sorely
needed, but mixed with the present LHC developecsibise the upgrades are partially an
R&D effort but constrained by the necessity to gméte into the existing ATLAS and
CMS detectors.
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