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LHC – the Large Hadron Collider
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LHC Accelerator:
proton-proton and 
lead-lead collisions

ATLAS Experiment: 
multi-purpose experiment

Lake Geneva

CMS Experiment:
multi-purpose experiment

ALICE Experiment:
heavy ion physics

LHCb Experiment:
CP violation and B physics

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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Upgrades: Why, How, and When
Why:

Physics: the best is yet to come 
(cf. Tevatron: BS mixing and single top 
after ~20 years of operation)
Detectors: replace aging components, 
update obsolete technologies

How:
Upgrades of the LHC (including 
injection chain)
Upgrades of detectors, trigger, data 
acquisition
Goal: keep comparable performance in 
increasingly challenging environment

When:
Three phases: 2013 – 2018 – 2022
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Outline
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The Case for LHC Upgrades

ATLAS and CMS Upgrades

ALICE and LHCb Upgrades

The Far Future
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The Case for LHC Upgrades
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Status December 2012

Discovery of Higgs-like boson

LHC = factory of standard model (SM) 
particles (W, Z, top, …)

No signs of beyond-SM physics yet 
(SUSY, new strong dynamics, 4th 
generation, extra dimensions, …)
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: HCP 2012)
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Implications for Future Physics Programm

Comprehensive Higgs properties program
Relatively low energy processes (<100 GeV) stay relevant 
Experiments: keep trigger and detection thresholds low

Tests of electroweak symmetry breaking (ESWB)
Question: is (only) the Higgs responsible for EWSB
Access to EWSB mechanism: longitudinal WW scattering
Experiments: forward instrumentation important
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[quantumdiaries.org]
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Longitudinal WW Scattering

Question: is SM Higgs mechanism at work or something else? 

Scattering of longitudinally polarized gauge bosons WL+ WL– → WL+ WL–

Without Higgs boson: cross section diverges for large CM energies (≳ 1.2 TeV)

No color exchange between initial state partons → expect forward jets
Standard model: Higgs boson with mH ≲ 850 GeV regularizes divergence
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Implications for Future Physics Programm

Comprehensive Higgs properties program
Relatively low energy processes (<100 GeV) stay relevant 
Experiments: keep trigger and detection thresholds low

Tests of electroweak symmetry breaking (ESWB)
Question: is (only) the Higgs responsible for EWSB
Access to EWSB mechanism: longitudinal WW scattering
Experiments: forward instrumentation important

Search for physics beyond the SM
New physics scale likely above 1 TeV
Accessible with higher center-of-mass (CM) energy and/or 
lots of luminosity
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Parton Luminosity

Proton-proton collisions are really 
parton-parton collisions with 
broad spread in momentum

Discovery potential for new heavy 
particles (e.g. SUSY) depends 
available luminosity at a given 
partonic center of mass energy 

Convenient notation: parton 
luminosity (derived from QCD 
factorization)

10

dL

jk

d�
=

1�

�

dx

x

f

j

(x , µ2
F

) f

k

� �

x

, µ2
F

�

� � ŝ
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LHC High Luminosity Upgrade: Physics Case
From 2007 → slightly outdated by now…

2010 2022/23

now: HL-LHC
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Pileup

High luminosity comes at 
a price: pileup

LHC design luminosity: 
2808 proton bunches/
beam, 25 ns spacing 
→ 25 pileup vertices

Pileup 2012: 
1380 bunches/beam, 
50 ns spacing 
→ 30+ pileup vertices

Upgrade: expect 100–200 
pileup vertices

12

CMS Event with 78 Pileup Vertices
(from High-Pileup Test Run)
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High Luminosity LHC

Goal: integrated luminosity 3000 fb–1 at 14 TeV CM energy in 10–12 years
Peak luminosity: 5×1034 cm–2 s–1 → 5× LHC design
25 ns bunch spacing → 140 pileup vertices

Successful upgrade of accelerator chain: many projects
Consolidation: magnets, cryogenics, collimation, electronics, machine protection
Modifications: injector, new (quadrupole) magnets, collimators, crab cavities
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High Luminosity LHC 
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1. Concept and objectives 
1.1. Context 
The Large Hadron Collider (LHC), run by CERN at the Franco-Swiss border near Geneva, is 
the largest instrument ever designed and built for scientific research. Successfully 
commissioned in March 2010 for proton-proton collisions with a 7 TeV centre-of-mass 
energy, is delivering 8 TeV centre-of-mass proton collisions since April 2012. The LHC is 
pushing the limits of human knowledge, enabling physicists to go beyond the Standard 
Model: the enigmatic Higgs boson, mysterious dark matter and the world of supersymmetry 
are just three of the long-awaited mysteries that the LHC will unveil. The announcement 
given by CERN on 4 July 2012 about the discovery of new boson at 125-126 GeV, 
almost certainly the long awaited Higgs particle, is the first fundamental discovery, 
hopefully the first of a series, that LHC can deliver. Thanks to the LHC, Europe has 
decisively regained world leadership in High Energy Physics, a key sector of knowledge and 
technology. The LHC can act as catalyst for a global effort unrivalled by other branches of 
science: out of the 10,000 CERN users, more than 7,000 are scientists and engineers using the 
LHC, half of which are from countries outside the EU. 

The LHC baseline programme has the goal of producing first results in the 2010-12 run 
aimed at an integrated luminosity1 of more than 20 fb-1 by the end of 2012. Today progress 
towards this goal is advancing well, meeting or even exceeding all intermediate milestones. 
After attaining the maximum energy of 14 TeV centre-of-mass energy at the end of 2014, 
it is expected that the LHC’s will reach the design luminosity2 of 1034 cm-2 s-1 in 2015. This 
peak value should give a total integrated luminosity over a one year of about 40 fb-1. Then in 
the period 2015-2020 LHC will hopefully increase the peak luminosity: indeed margin have 
been taken in the design to allow, in principle, to reach about 2 times the nominal design 
performance. The baseline programme for the next ten years is depicted in Fig.1, while in 
Fig. 2 are the graphs of the possible evolution of peak and integrated luminosity. 

 Figure 1: LHC baseline plan for the next ten years. In terms of energy of the collisions (upper line) and of 
luminosity (lower lines). The first long shutdown 2013-14 is to allow design parameters of beam energy 
and luminosity. The second one, 2018, is for secure luminosity and reliability as well as to upgrade the 
LHC Injectors.  

 

After 2020 the statistical gain in running the accelerator without an additional 
considerable luminosity increase beyond its design value will become marginal. The 
running time necessary to half the statistical error in the measurements will be more than ten 
                                                 
1 Integrated luminosity is a quantity proportional to the number of recorded collisions, measured in  
inverse femtobarns, fb-1 
2 Luminosity is the number of collision per square centimetre and per second, cm-2 s-1 

[Rossi, Brüning, Kraków 2012]

“Phase 1” “Phase 2”“Phase 0”
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Accelerator Upgrade: Some Examples

14

High Luminosity LHC 
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especially in the injection system. Not only the kicker system, but also the interlock system 
needs to be fully renovated at around 2020. 

Remote manipulation: LHC has not been designed specifically for remote handling. However 
the level of activation from 2020, and even earlier, requires a carefully study and 
development of special equipment to allow replacing collimators, magnets, vacuum 
components etc., according to ALARA principle. The first challenge will be the substitution 
of collimators; another big challenge will be the replacement of the inner triplet magnets and 
associated cryogenics and vacuum equipment. The higher the luminosity, the higher the 
necessity of interventions and the less the time operators can stay in contact with this 
equipment. While full robotics is difficult to implement, given the real conditions, remote 
manipulation and supervision is the key to minimize the radiation dose to operators. 

 

2. Upgrading the performance to the High Luminosity LHC goals 
2.1. Luminosity levelling and virtual peak luminosity  
Both consideration of energy deposition by collision debris in the interaction region magnets, 
and necessity to limit the peak pile up in the experimental detector, impose “a-priori” a 
limitation of the peak luminosity. The consequence is that the HL-LHC operation will have to 
rely on luminosity levelling. As shown in Fig.1.3 left, the luminosity profile without levelling 
quickly decreases from the initial peak value, due to “proton burning” (protons lost in 
collision).  By designing the collider to operate with a constant luminosity, i.e. “levelling” it 
and suppressing its decay for a good part of the fill, the average luminosity is almost the same 
as the one of a run without levelling, see Fig 1.3 right, however with the advantage that the 
maximum peak luminosity is only a fraction. 

Indeed pile-up and degraded performance by intense radiation are serious limitations in the 
high luminosity regime: coping with peak luminosity higher than 5×1034 cm-2 s-1 may become 
impossible and therefore levelling has become a key ingredient of the HL-LHC baseline.  

   
Figure 2.3: Left: luminosity profile for a single long run starting at nominal peak luminosity (black line), 
with upgrade no levelling (red line) with levelling (dotted line). Right: luminosity profile with optimized 
run time, without and with levelling (blue and red dashed lines), and average luminosity in both cases 
(solid lines).  

 
The concept of luminosity levelling introduces a new parameter: the virtual peak luminosity, 
i.e. the luminosity that could be “virtually” reached at the beginning of the run without 
levelling. Levelling means acting on one or more of the parameters controlling the 
(instantaneous) luminosity: by detuning the chosen parameter(s) the luminosity is kept fixed 
at the chosen levelled value. Then the same parameters(s) is slowly retuned to its ideal value 

no level [Rossi, Brüning, Kraków 2012]

[http://legacy.kek.jp]

Luminosity leveling
Very high luminosities: high 
pileup, short beam lifetime
Solution: keep luminosity at 
approx. constant level during fill 
(already done today at ALICE 
and LHCb)

Higher luminosity achievable 
by crab crossing of bunches

RF cavities “turn” bunches 
sideways → bunches collide 
head-on
Successfully used in e+e– 
(KEKB), not yet in pp

http://legacy.kek.jp
http://legacy.kek.jp
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ATLAS and CMS Upgrades
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Tracking, Vertexing, and B-Tagging

B-tagging:
Identify hadrons with b-quarks via 
their long lifetimes (picoseconds) 
Parts of the tracks from B hadron 
decays: large impact parameters 
and/or displaced secondary vertex
Low particle momenta important 
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High-Luminosity Challenges I: Radiation

At high luminosity:
High channel occupancy 
(= fraction of bunch crossings in 
which given channel fires)
Rule of thumb: tracking works up to 
occupancies of 1%
Solution: increase detector 
granularity 
Constraints: material budget, power 
consumption, data transfer rates

Radiation damage: 
Aging of components closest to 
interacting point → limited lifetime
Solution: design radiation-hard 
detectors and electronics
Constraints: availability, cost

17
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High-Luminosity Challenges II: Trigger Rate

Physics requirement: keep 
trigger thresholds for key 
objects low at high luminosity

Simulations show: insufficient 
reduction of single lepton 
trigger rate with pT threshold

Way outs: 
Make existing triggers more 
granular
Use tracking information in 
trigger

Challenge: process many 
more channels within same 
trigger latency

18

July 6, 2012 ICHEP 2012 :: CMS Upgrades Status and PlansICHEP 2012 :: CMS Upgrades Status and Plans 12

Tracker in Level-1 Trigger

1034 cm-2s-1

x

y
z

“stub”

● Without tracker input
muon triggering
becomes saturated
at high luminosity

● A trigger-capable 
tracker could take
advantage of strong
CMS magnetic field

Simulated µ Trigger Rates vs. pT Threshold

Rate reduction 
with increasing pT not 

sufficient



Ulrich Husemann
Institut für Experimentelle Kernphysik (IEKP)

12/12/2012 Preparing for the Future: Upgrades of the LHC Experiments

ATLAS Upgrade Matrix
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Subsystem Phase 0 Phase 1 Phase 2

Silicon Pixel New Beam Pipe, 
Insertable B-Layer – New Tracker

Silicon Strips – – New Tracker

Electromagnetic 
Calorimeter Consolidation Finer Granularity 

in Trigger
New Electronics, 

Forward Cal

Hadronic 
Calorimeter – – New Electronics, 

Forward Cal

Muon System Endcap Extension Small Wheels 
(Forward) –

Trigger – Topological Triggers, 
Fast Track Trigger

Complete 
Replacement

+ several smaller projects
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ATLAS Upgrade Matrix
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Subsystem Phase 0 Phase 1 Phase 2

Silicon Pixel New Beam Pipe, 
Insertable B-Layer – New Tracker

Silicon Strips – – New Tracker

Electromagnetic 
Calorimeter Consolidation Finer Granularity 

in Trigger
New Electronics, 

Forward Cal

Hadronic 
Calorimeter – – New Electronics, 

Forward Cal

Muon System Endcap Extension Small Wheels 
(Forward) –

Trigger – Topological Triggers, 
Fast Track Trigger

Complete 
Replacement

+ several smaller projects
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CMS Upgrade Matrix
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Subsystem Phase 0 Phase 1 Phase 2

Silicon Pixel New Beam Pipe New Pixel Detector New Tracker

Silicon Strips Consolidation – New Tracker

Electromagnetic 
Calorimeter – Improved Trigger 

Primitives ?

Hadronic 
Calorimeter

New Photon 
Detection

New Electronics & 
Photon Detection ?

Muon System Complete 
Coverage

Improve Trigger, 
Prepare Electronics New Electronics

Trigger – New L1 Trigger Complete 
Replacement

+ several smaller projects
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CMS Upgrade Matrix
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Subsystem Phase 0 Phase 1 Phase 2

Silicon Pixel New Beam Pipe New Pixel Detector New Tracker

Silicon Strips Consolidation – New Tracker

Electromagnetic 
Calorimeter – Improved Trigger 

Primitives ?

Hadronic 
Calorimeter

New Photon 
Detection

New Electronics & 
Photon Detection ?

Muon System Complete 
Coverage

Improve Trigger, 
Prepare Electronics New Electronics

Trigger – New L1 Trigger Complete 
Replacement

+ several smaller projects
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ATLAS Insertable B-Layer (IBL)

Goals: 
Add redundancy to current pixel detector
Improve tracking, vertexing, b-tagging for 
high pileup
Establish new technology 
for HL-LHC

Solution: Insertable B-Layer
4th pixel detector layer, 
sensors at r = 33 mm
New readout chip, advanced 
planar and 3D pixel sensors
Very low material budget: 0.015 X0

Installation: LS1 (2013/2014)

23

that pileup is likely to affect predominantly the z impact parameter significance, while leaving Rf
nearly unchanged. Nearby pileup vertices in z do lead to tails in the primary vertex reconstruction,
as was shown in the previous section, and are a source of additional b-tagging-quality tracks with
significant z offsets. Figure 34 shows this effect in the impact parameter significance for b tag
quality tracks from signal and pileup interactions, for tt̄ events reconstructed with the IBL and using
the high luminosity track selection. The d0 significance from pileup interactions is symmetric and
has the expected shape for tracks in light jets, while the z0 significance is rather flat as expected for
tracks from nearby interactions in z. A cut is added to the b tagging software to remove tracks with
|z0/s(z0)| > 3.8 and |d0/s(d0)| < 3 that are compatible with being from a nearby pileup vertex
and would otherwise affect the performance.

As is shown in Fig. 35, the tagging algorithm IP2D (which contrary to IP3D uses only the Rf
impact parameter information) is rather stable and the performance improvement with the IBL is
almost independent of the level of pileup. Shown as well is the performance of the secondary vertex
based tagger SV 1, which degrades very little with pileup and leads to an improved performance
with IBL at all luminosities. In both cases, the high luminosity track selection leads to much
improved results as additional fake track candidates are removed from the event.

Figure 36 shows the b tagging performance as a function of the average number of pileup
interactions for IP3D and IP3D + SV 1, comparing the results with and without IBL as well as
for different track selections. In all cases IP3D does show some remaining degradation with an
increasing level of pileup due to the effects in z from nearby pileup vertices discussed before. Still,
the results with IBL are much improved. The rejection for the best b tagging algorithm IP3D+SV 1
at 60% b efficiency with IBL and 2⇥ 1034 cm�2s�1 pileup is better than the performance of the
current detector at zero pileup.
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Figure 36. Light jet rejection in tt̄ events for 60% b tagging efficiency as a function of the average number of
pileup interactions, on the (left) for IP3D and on the (right) for the combination of IP3D+SV 1. Compared
are the results with and without IBL. See text for details.
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Upgrade of CMS Silicon Pixel Detector

Goal: similar performance in 
much harsher environment 
→ tracking, vertexing, b-tagging, …

Solution: four-layer pixel 
detector

Innermost radius: 29 mm
New digital readout chip
Ultra-lightweight mechanics, 
CO2 cooling → reduced material 
budget: 0.015 X0 per layer

Installation
LS1: new beampipe
Modular design: Installation 
during year-end technical stop 
(planned for 2016/2017)

24

1.6. Outline of the Technical Design Report 11
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Figure 1.12: Performance of the Combined Secondary Vertex b-tagging algorithm for jets with
pT > 30 in a tt̄ sample with PU = 50. The performance for the standard geometry is shown by
the open points while the solid points are for the Phase 1 geometry. The triangular points are
for c-jets while the circle and square points are for uds jets.
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16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

=0 =1.0=0.5 =1.5
=2.0

=2.5

=2.5

=2.0
=1.5=1.0=0.5=0

50.0 cm

Upgrade

Current

Outer rings

Inner rings

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the
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ATLAS Calorimeter Trigger

Goal: keep electron trigger 
thresholds low

Solution: improve electron-jet 
discrimination 

Improved L1 calorimeter trigger 
granularity (currently: Δη×Δφ = 0.1×0.1)
Better discrimination via shower shape 
algorithms already at L1
New “tower builder board” 
New digital processing (replacing 
analog sums) to prepare for HL-LHC

Installation:
LS1: slice of new system for tests
LS2: full installation

25 Figure 2.12. Shower shape calculations at Level-1 corresponding to the Level-2 and offline R
h

parameter.
The highest energy Dh⇥Df = 0.025⇥0.1 “Super-cell” in the initial RoI, as provided by the current Level-1,
is used to seed the 3x2 and 7x2 clusters; the second high energy “Super-cell” in f , above or below the seed,
is chosen to define the cluster core.

Figure 2.13. Distribution of the R
h

parameter for electrons and jets, defined as the ratio of the energy in the
3x2 over the energy in the 7x2 clusters of the 2nd layer of the EM calorimeter. The size of each element in
the cluster is: Dh⇥Df = 0.025⇥0.1.

Table 2.1 summarizes the jet rejection efficiencies for cuts on several variables using infor-
mation from the hadronic calorimeter. In the table “EM Cluster” refers to the energy deposited
in a 2⇥1 or 1⇥2 h-f trigger tower cluster, “EM Core” to the corresponding energy in the 2⇥2

– 18 –

2.3.4 Expected rates in Phase-I with the proposed calorimeter trigger read-out upgrade

The rejection of jets with the discriminants described in sections 2.3.2 - 2.3.3 has been evaluated in
QCD di-jet Monte Carlo samples and with enhanced bias data (i.e. data recorded with a very loose
Level-1 trigger selection) taken during the 2011 run. The trigger efficiency of electrons has been
calculated with Z!e+e� Monte Carlo samples. Pileup effects for µ=46 and 25 ns bunch spacing
are included in the Monte Carlo simulations.

Figure 2.15. Expected Level-1 rates for different algorithms and conditions: rates calculated from Monte
Carlo simulations with the current Level-1 trigger system for non-isolated EM objects (⌅), for isolated EM
objects (•), for isolated EM objects after a shower shape R

h

>0.94 cut applied (N), and after both R
h

>0.94
and Ehad

core <0.8 GeV cuts (H). Monte Carlo simulations include pileup for µ=46 and with a bunch spacing
of 25 ns.

A value R
h

=0.94 has been chosen for this analysis: it provides an efficiency for true electrons
above 99.3% and a jet rejection efficiency of 56.7% and 51.2% respectively on the Monte Carlo
di-jet samples and on the 2011 enhanced bias data.

A further reduction of the Level-1 rates can be achieved by using higher energy resolution in
the hadronic calorimeter trigger towers. Currently, the quantization of the calorimeter trigger read-
out limits the precision to 1 GeV. For electrons with transverse energies in the range 20<ET <80
GeV, higher resolution improves the rejection capability: in these studies it was assumed the dig-
itizers having a 250 MeV least significant bit and a cut on the hadronic core energy Ehad

core  800
MeV has been applied.

Figure 2.15 shows the expected rates for EM non-isolated and isolated objects with the present
Level-1 calorimeter trigger. The figure shows also the impact in the rate reduction when applying
separately R

h

and the combination (R
h

and Ehad
core). Furthermore, the plots show also the thresholds

– 20 –

[CERN-LHCC-2011-012]

Pileup: 46
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ATLAS Fast TracKer (FTK)

Goal: improve triggering at high luminosity (esp. track-based triggers)

Solution: “level-1.5” trigger
After L1 trigger accept: send silicon pixel & strip data to fast processors for 
pattern recognition and tracking → provide tracking information for L2 procesors
Key technology: associative memory

26

L1

L2

FTK
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ATLAS & CMS Trackers for HL-LHC
ATLAS & CMS: replace-
ment of entire tracker

End of lifetime for current 
trackers
Increase granularity, e.g. 
shorter silicon strips
New readout chips
New services: cooling 
(CO2), powering (DC-DC 
or serial), …

Extensive R&D programs 
ongoing

Robust light-weight detector 
designs (ATLAS)
Radiation hard silicon 
sensors (“HPK Campaign”, 
CMS)

27

A. Dierlamm 

Institut für Experimentelle Kernphysik 

7 17.09.2012 VERTEX 2012, Jeju, Korea 

HPK Campaign 
Wafer materials (total 164 wafers): 

Float-zone 
320µm, 200µm,  
200µm deep diff.*, 120µm deep diff.*,  
120µm on carrier,  
200µm deep diff.* with 2. metal layer 

Magnetic Czochralski 
200µm 

Epitaxial silicon 
100µm, 70µm, 50µm 

all as n-type and p-type  
(with p-stop and p-spray strip isolation) 

Characterizations are done before and after 
irradiations (both with 23MeV protons @ KIT and 
reactor neutrons @ JSI, Ljubljana) 

* 320µm physical thickness; active thickness reduced by deep in-diffusion of back-side doping 

Radius Protons Neutrons Ratio p/n Total Material
40cm 3 4 0.75 7.0 ≥  200µm
20cm 10 5 2.00 15.0 ≥  200µm
15cm 15 6 2.50 21.0 ≥  200µm
10cm 30 7 4.29 37.0 ≤  200µm
5cm 130 10 13.00 140.0 < 200µm

Chosen irradiation fluences in 1e14neq/cm² 

Current ATLAS Design: 4 Pixel + 5 Strip Layers (Barrel) 

[ATLAS-UPGRADE-SLIDES-2012-699]

[A. Dierlamm]

ATLAS Prototype Module
CMS HKP Campaign Wafer
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A. Dierlamm 

Institut für Experimentelle Kernphysik 

5 17.09.2012 VERTEX 2012, Jeju, Korea 

Senso
rs 

200µm

Frame (h
ybrid

s)

Hybrid
s

Frame (s
enso

rs) Opto

Alu co
ntacts

Power

Cooling
ASICs

Connecto
r

Scre
ws HV

0

1

2

3

4

5

6

7

8

9

10

11
 

W
ei

gh
t (

g)

0.0

0.1

0.2

0.3

0.4

0.5
X

/X
0 

(%
)

Requirements for Silicon Strip Sensors – III  

Reduced material 
material budget for new module concept is dominated by silicon weight  
thinner sensors  200µm, 150µm? 

also beneficial to reduce bias voltage and leakage current 
but: less signal, brittle, more expensive 

integrated PA to replace glass substrates 

Total module mass: 29.0g 
(320µm: 34.4g) 

Total X/X0: 1.06% 
(320µm: 1.33%) 

2S module 
Numbers from D. Abbaneo 

CMS Tracker Upgrade: pT Modules

Goal: keep trigger 
thresholds for single lepton 
triggers low

Idea: exploit tracking 
information in early trigger 
stages (L1)

Novel concept: pT modules
Goal: suppression of low-pT 
tracks (< 1–2 GeV) for trigger
Idea: local coincidence of two 
sandwiched silicon detector 
layers
2S modules (strips + strips) 
and/or PS modules 
(pixels + strips)

28

Upper Sensor

Lower Sensor

1 mm
100 µm

Pass Fail

2S Module
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ALICE and LHCb Upgrades

29
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The Case for ALICE Upgrades

Upgrade: exploit physics topics 
uniquely accessible to ALICE

Strongly coupled probes: 
heavy flavor hadrons and quarkonia

Physics: properties of quark-gluon plasma
Detector: tracking down to very low 
transverse momenta (pT), excellent 
secondary vertex reconstruction

Loosely coupled probes: 
low-mass dileptons

Physics: generation of hadron masses via 
chiral symmetry breaking
Detector: low material budget, low-pT 
tracking, lepton identification

30
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Z. Conesa del Valle Quark Matter 2012 : 12 - 18 August 2012
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Figure 2.1: Preliminary measurement of D0, D+ and D⇤+ v2 in 30–50% Pb–Pb collisions at the LHC by ALICE,
with 107 events from the 2011 run [17].

Figure 2.2: Model predictions for the azimuthal anisotropy parameter v2 of D and B mesons (or J/y from B
decays) in Pb–Pb collisions at LHC energies: top, from left to right [18, 19], bottom [20].

of the quark-medium interaction, predict a large v2 (up to 0.2 in semi-central collisions) for D mesons
at low momentum, as shown in Figure 2.2. At low pt, v2 for B mesons is predicted to be substantially
smaller than for D mesons. This is a consequence of the smaller mass of charm quarks, which can more

[CERN-LHCC-2012-013]

Elliptic Flow of D Mesons
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ALICE Upgrade Plans

31

The ALICE upgrade - 3 

ALICE ITS Upgrade/P. Riedler - Joint Instrumentation Seminar, DESY 5 

TPC upgrade: replace 
MPWCs with GEMs and new 
piplelined readout 

Upgrade of readout 
electronics (TRD, TOF, 
PHOS, MUON) 

Upgrade of the forward 
trigger detectors 

Upgrade of online systems and of offline reconstruction and analysis framework and code 

New, high-resolution and 
low material Inner 
Tracking System (ITS) 

[P. Riedler, CERN]
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Example: ALICE Tracking Upgrade
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the left) compared with one implemented using the quadruple-well feature (on the right). In standard
implementations, the sensing diode is an nwell normally used as the substrate of PMOS transistors.
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Figure 4.1: Comparison between standard and quadruple-well pixel concept.

As a consequence, only NMOS transistors can be used in the pixel area. In fact, any PMOS transistor
requires an additional nwell that competes with the sensing diode in collecting the signal charge and
affects the signal-to-noise ratio. The front-end electronics located in the pixel must fully rely on NMOS
devices, so only simple, low-gain amplifiers or source followers can be implemented. Hit discrimina-
tion, which requires more sophisticated signal processing, can not be performed at the pixel level and
the full matrix must be scanned during the readout phase. A few alternatives have been proposed to
allow the use of PMOS in the pixel, like the use of deep-nwell [102] and of High Voltage CMOS tech-
nologies [103]. However, both options lead to a significant increase of the capacitance of the sensing
electrode. Therefore, the power consumption in the front-end must be increased accordingly to preserve
an adequate signal-to-noise ratio. The use of a quadruple-well circumvents this problem. A deep pwell
is implanted in the region where the front-end electronics is foreseen. The nwells that accommodate the
PMOS transistors are fabricated on top of the pwell. The signal electrons are reflected by the pwell and
can be collected only by the sensing diode. Its size can then be tailored to optimize the charge collection
efficiency and the signal-to-noise ratio, while full CMOS front-end electronics can be put in the pixel.

The effectiveness of the quadruple-well approach has already been demonstrated. Circuits with complex
front-ends similar to those used for hybrid sensors readout have already been produced [104]. The focus
of the ALICE R&D is on assessing the radiation hardness and on studying the quadruple-well approach
in order to design circuits that minimize the power consumption and, consequently, affect the overall
material budget.

4.3.1.2 Hybrid Pixels

Hybrid pixels are a mature technology presently employed in all four major LHC experiments. In a
hybrid detector, the sensor and the front-end electronics are fabricated on two separate chips and then
mated with the bump bonding technique. This offers the advantage of optimizing the sensor and its
front-end electronics separately at the expense of extra thickness and cost. The radiation load foreseen
in the ALICE ITS does not present a concern for this type of sensors. State-of-the-art hybrid pixels have
a cell size of 50 µm ⇥ 50 µm, but the evolution of the interconnection technology is expected to put cell
sizes of 30 µm ⇥ 30 µm soon within reach. In the recent months the focus on the hybrid pixel detectors
was on the production of assemblies with the final thicknesses and the completion of the production of
the first edgeless epitaxial silicon sensors. First results are presented in Section 4.3.4.5.

4.3.2 System Aspects

Table 4.3 shows the nominal z-coverage of the individual layers. The values of layers 1-2-3, 4-5 and 6-7
are very similar suggesting to use modules of equal length for each of the three groups. As mentioned in
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Inner Barrel 

Layer 1,2,3  

Outer Barrel 

Layer 6,7  

Layer 4,5  

Figure 5.1: Schematic layout of the new ITS.

Table 5.1: Requirements for the ITS upgrade

Parameters Inner Barrel Outer Barrel

Beampipe outer radius (mm) 20 -
Beampipe wall tickness (mm) 0.8 -
Detector Technology Pixel Pixel�Strip
Number layers 3 4
Mean radial positions (mm) 22, 28, 36 200, 220, 410, 430
Stave length in z (mm) 270, 270, 270 843, 843, 1475, 1475
Power consumption (W/cm2) 0.3 ÷ 0.5  0.5 mW/strip
Total material budget per layer (% of X0) ⇡ 0.3  1.0
Working temperature (�C) ⇡ 30 ⇡ 30

fundamental requirement that strongly affects the detector design is the material budget, which for the
inner layers is set to a very demanding value of 0.3 % of X0. This value drives the following criteria:
1)Sensors choice (silicon pixel with a thickness of 50 µm),2) The detector technology (oriented towards
MAPS), 3)The signal and electrical bus design, 4) The mechanical support structure design and materials,
5)The design of the cooling system. The frame inside which this material budget request has to be located
is defined by a modest radiation environment, by a moderately low heat dissipation, 0.3-0.5 W/cm2, by
an operative temperature of 30�C with a 5�C temperature gradient along a detection plane, and by a small
overall detector size limited to 27 cm in length for the inner layers. These conditions allow to design a
light mechanical structure without compromising the stiffness.

5.3 Detector Layout

A dedicated simulation has been performed to optimize the arrangement of the detector modules in cylin-
drical layers around the beampipe (Section 3.5). The radial positions of all layers are optimized to reach
the maximum pointing resolution, tracking efficiency and momentum resolution in the available space
between the new beampipe and the TPC. The longitudinal extension of each layer is determined by the
requirement of a pseudo-rapidity coverage of |h | < 1.22 over 90 % of the luminous region. This sim-
ulation resulted in seven layers distributed at different radii, with the three inner ones very close to the
beam line and the innermost layer only 2 mm away from the wall of the beampipe. In this simulation

Schematic Layout 

Monolithic Pixels (0.18 µm CMOS)

[CERN-LHCC-2012-013]

Goal: improve impact parameter 
resolution and tracking efficiency

Solution:
Move closer to interaction point: 22 mm
Reduce material budget: 0.003 X0/layer
Increase granularity: 7 layers, smaller pixels
Fast readout (50 kHz), fast insertion/
removal

Technology choices:
7 pixel layers or 3 pixel + 4 strip layers
Option 1: hybrid pixels (current LHC pixel 
technology) 
Option 2: monolithic pixels (sensing layer 
integrated into CMOS chip)
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The Case for LHCb Upgrades

LHCb rates:
Rate limitation: 1 fb–1 per year
Upgrade: running at 1033 cm–2 s–1 with 
40 MHz readout → 5 fb–1 per year

Many extensions to physics program 
Complementary to Belle II: Bs, B baryons
Mixing-induced CPV in Bs → J/ψ φ
Charmless hadronic B decays 
Bs → K*0 K*0 
→ CP angle γ at tree level to 1°
Rare decays: B/Bs → µµ, B → K* µµ
Charm physics, lepton flavor physics, 
weak mixing angle, …

Upgrades not tied to LHC upgrades 
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C
-2011-001]Impact of the results 

Mathieu Perrin-Terrin  -  First Evidence of Bs->mu mu 40 

• But SUSY never dies ;-) 
The observation is "quite consistent with 
supersymmetry. In fact, it was actually expected in 
(some) supersymmetric models. I certainly won't 
lose any sleep over the result.“ 

J. Ellis interviewed by BBC 

• Hard time for SuperSymmetry… 
 

Based on arXiv 1205.6094 

LHCb 
95% CL 

[M
. P

errin-Terrin]
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LHCb Upgrade Plans
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Upgrading LHCb
• Upgrading “all” FE-electronics to readout FE at 40 MHz.

• Upgrading Tracking detectors.

1&2

• Upgrading PID detectors.

6 Oct, LHC days in Split - 13 -

H.Dijkstra

[LHCb-TALK-2012-299]
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Example: LHCb DAQ/Trigger Upgrade

L0 hardware trigger upgraded to low-level trigger (LLT) 
1–40 MHz trigger-less readout to high-level trigger (HLT)
Replace all front-end electronics (except muon system)

HLT: full event selection in software → 20 kHz output rate
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[LHCb-TALK-2012-299]

1 MHz

40 MHz

2 kHz

20  kHz
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ALICE & LHCb Upgrade Schedules
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ALICE LHCb

Proposals
Upgrade LoI and CDR for 
Inner Tracking submitted 
(Sep 2012), TDRs 2013

Framework TDR submitted 
(May 2012), subsystem 
TDRs to follow in 2013

Installation/
Commissioning LS2 (2018) Cables/Fibers: LS1

Detectors: LS2 (2018)

Luminosity Goals >10 nb–1 of PbPb data
>6 pb–1 of pp data > 50 fb–1 of pp data

Running Scenario 2019
PbPb interactions at 50 
kHz (6×1027 cm–2 s–1) 
→ 2.85 nb–1 per year

pp interactions at 20 kHz 
(1–2×1033 cm–2 s–1)
→ 5 fb–1 per year
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The Far Future

37



Ulrich Husemann
Institut für Experimentelle Kernphysik (IEKP)

12/12/2012 Preparing for the Future: Upgrades of the LHC Experiments

High Energy LHC

HE-LHC: around 2035?
Increase of LHC center-of-
mass energy to 26–33 TeV
New machine in LHC 
tunnel: replace dipole 
magnets
Physics: “final word” on 
electroweak symmetry 
breaking, discoveries?

Challenges
Novel materials for high-
field superconducting 
magnets 
New injection chain 
(SPS at 1–1.3 TeV)
Collimation, beam dump, 
synchrotron radiation, …
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[http://fs.magnet.fsu.edu/~lee/plot/plot.htm]
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Super High Energy LHC

Alternative: new tunnel in 
Geneva area

47 or 80 km circumference
42 TeV center-of-mass energy 
with present LHC dipoles
80–100 TeV with novel high-
field magnets
Price tag?
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[CERN GS, Kraków 2012]
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Figure 11. The possible timeline of LHC and its upgrades. 

Conclusions 
Some of the possible options of a High Energy LHC in the LHC tunnel, with a p-p collision energy in 
the  26-33 TeV range, have been discussed and the most challenging points examined in detail: there 
are many serious difficulties but no show-stoppers. The machine looks within reach with a moderate 
effort for a 26 TeV proton-proton collision energy. Reaching 33 TeV is very challenging and 
considerably more expensive, and in view of this scope a vigorous R&D program on High 
Temperature Superconductor (YBCO and Bi-2212) has been launched and needs to be restlessly 
pursued. Use of proton-proton beams so far seems the best choice, however in future use of proton- 
antiproton (with single bore magnets) will be revisited and evaluated, too. Recently the possibility of 
a larger tunnel, 80 km in the CERN environment, has been proposed and is being examined, also for 
its interesting synergy with other projects. The 80 km long machine opens the way to a new 
optimization; preliminary evaluation indicates that p-p collision energy can be in the range  42-100 
TeV, according to the different magnet technology that would be used. 
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Summary & Conclusions
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CERN’s goal: exploit full LHC physics potential 
until ~2030

Multi-phase upgrade program of accelerator 
chain and experiments

Projects grouped around three long shutdowns: 
LS1 (2013/2014), LS2 (2018), LS3 (2022/2023)
ATLAS/CMS: keep comparable performance at 
highest luminosities
ALICE/LHCb: optimize detector and readout for 
highest rates

Far future: (super) high energy LHC?


