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We review here the prospects of a long-term upgrade programme for the Large Hadron Collider (LHC), CERN

laboratory’s new proton-proton collider. The super-LHC, which is currently under evaluation and design, is

expected to deliver of the order of ten times the statistics of the LHC. In addition to a non-technical summary

of the principal physics arguments for the upgrade, I present a pedagogical introduction to the technological

challenges on the accelerator and experimental fronts, and a review of the current status of the planning.
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1 Introduction

The Large Hadron Collider (LHC) is the new particle accelerator about to start taking data

at CERN’s laboratory. It will collide protons against each other, at a centre-of-mass energy of

14 TeV. Its primary goal is to answer one of the deepest questions of physics today, namely what is

the origin of the elementary particles’ masses. In particular, it should be able to verify whether the

mechanism postulated by the current theory of particle physics, the Standard Model [1, 2, 3, 4],

is correct, or whether this requires additional ingredients.

The Standard Model, whose complete formulation dates back to the early 70’s, has been shown

over the past 30 years to accurately describe all properties of the interactions among fundamental

particles, namely quarks, leptons and the gauge bosons transmitting the electroweak and strong

forces [5, 6, 7]. Its internal consistency, nevertheless, relies on a mechanism to break the symmetry

between electromagnetic and weak interactions, the so-called electroweak symmetry breaking

(EWSB).

EWSB is a necessary condition for elementary particles to acquire a mass. The reason is

that weak interactions have been shown experimentally, since the 50’s, to be chiral, namely to

behave differently depending on whether the projection of a particle spin along its momentum

points towards the direction of motion (positive chirality) or against (negative chirality). Since

the chirality of a massive particle can change sign by changing Lorentz reference frame, the

weak charge of a massive particle cannot commute with the Hamiltonian, and the associated

symmetry must be broken. The simplest way to achieve this [2] is to assume the existence of

a scalar field with a weak charge, the Higgs H, whose potential energy is minimized with a

non-vanishing value of its matrix element on the vacuum state, �H� = v �= 0. This leads to

spontaneous symmetry breaking. The measured strength of the weak interactions and the mass

of their carriers, the W
±

gauge bosons, fix the value of v ∼ 247 GeV, thus setting the natural

mass scale for weak phenomena.

∗
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Pileup Effects
• Even with luminosity leveling N of 

interactions per crossing is 
overwhelming: >100
– Resembles HI collisions

• Calorimeter-wise there are two 
effects:
– Extra energy in a jet cone (linear in 

N): ~100 GeV and fluctuating
– Worsening of MET resolution as a 

sqrt(N) 
(sampling 
term)

– σ(MET) ~ 
10 GeV → 
100 GeV

3
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Figure 15. The same event, as seen at 1033 cm−2s−1 (left) and at 1035 cm−2s−1, with the inclusion of O(100)

additional pp interactions during the same bunch crossing.

As mentioned above, the main impact of running at high luminosity will be the increased
number of pile-up events, namely the additional pp interactions taking place during a single
bunch crossing. A dramatic picture of what this entails is shown in fig. 15, where the same event
appears displayed in the presence of the low pile-up of collisions at 1033 cm−2s−1, and of the
many hundreds of additional events occurring at 1035 cm−2s−1.

The impact of these pile-up events will be twofold. On one side, many more tracks will be
present. This will greatly increase the number of hits in the tracking detectors, especially at small
radius, where low-momentum particles curling up in the magnetic field cross the trackers many
times. With the increase in occupancy, reconstructing tracks becomes more and more difficult.
The chances to wrongly assign hits will increase the number of fake tracks, and this extra noise
may prevent the reconstruction of good tracks. The ability to reconstruct displaced vertices will
also deteriorate, with a reduced efficiency to tag b quarks and τ leptons, and a larger rate of
fake tags. More hits will also mean much more computing time required to perform the pattern
recognition, affecting both the performance of tracking triggers, and of the offline analysis. Most
of these issues can be addressed by increasing the granularity of the detectors, e.g. through a
more extended use of pixels even at large radii. This would reduce the occupancy, avoid overlaps
of signals, and improve the pattern recognition. The penalty is a large increase in the number
of electronics channels, extra heat-load to be removed, and likely an increase in the amount of
detector material, which deteriorates the momentum and energy measurements because of the
increased interactions of the primary particles.

The other consequence of greater pile-up is the presence of much more energy within the cones
used to reconstruct jets. The extended transverse size of a jet is determined by physics, and an
increased granularity of the calorimeters, contrary to the case of the trackers, would not help. The
jets from the decay of a top quark, for example, would collect a large amount of spurious energy
from the pile-up events. Even if their average contribution can be subtracted, event-by-event
fluctuations cannot be disentangled, causing a significant deterioration in the jet energy resolu-
tion. The reconstruction of a sharp invariant-mass peak in a two-jet final state would therefore be
harder, and the significance of the peak signal on top of a large continuum background reduced.
Furthermore, electron identification and trigger efficiency would deteriorate, due to the larger
amount of energy surrounding an otherwise isolated electron, which will reduce the effectiveness
of the usual isolation criteria. And, last but not least, the large number of additional events can
contribute both to the presence of extra objects (such as jets or leptons), and of missing trans-
verse energy, due to energy fluctuations and to undetected large-transverse-momentum particles
emitted at small angle. The additional central jets could jeopardize the use of jet-vetoing in the
study of Higgs production by vector-boson fusion, as discussed in section 2.1.3, and the high
rates of forward energy could likewise compromise the forward jet tagging required by these
same studies.

The effect of the above considerations can be qualitatively assessed by looking at a possible
reference process, the production and decay of a squark-gluino pair sketched in fig. 16. With four
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Figure 14. Luminosity profile (left side) and number of interactions per bunch crossing (right side) for the four IR
upgrade options. The upper set of plots corresponds to running operations at fixed beam parameters, the lower set
shows the effect of luminosity leveling.

produce cables of the required quality (sufficient current density, strain and radiation tolerance,

etc.) and length (multi-km!), a major difficulty of these dipoles will be the management of the

immense magnetic forces, acting both on the overall structure of the magnets, and on their

internal components. The timescale for these developments and for more conclusive statements

about the technological feasibility and cost of a DLHC (the Double-LHC) is estimated to be no

less than 10 years. It has to be added that the DLHC requires also an energy upgrade of the

SPS, the SPS+, to boost the injection energy to 1 TeV.

4 The experimental upgrades

Three key considerations define the needs of the detector upgrades on the way towards the sLHC

and beyond [38]: (i) some components will need to be replaced due to the damage caused by

radiation even before the start of the sLHC; (ii) some components will not be operable in the

harsh high-luminosity environment of the sLHC; (iii) the performance of some of the existing

components will not be adequate, at the sLHC, to fulfill the physics needs. These issues will be

reviewed in this section, starting from the physics requirements.

4.1 Physics performance

The criteria for the physics performance of the experiments are driven by the nature of the

observables that will be of interest at the sLHC. In turn, these are defined by the research

programme that will emerge after the first few years of data taking, once the nature of the new

phenomena of interest will be more clearly defined.
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Figure 3: σ(E/ x) (left) and σ(E/ T ) (right) vs. ΣET for QCD dijet samples without pile-up for 20 < p̂T < 800
GeV (black dots). The resolution fit is shown by the black line. The fit parameters correspond to the corresponding
terms in Eq. (4).

4 E/ T Validation
An automated E/ T validation package has been created to systematically check each of the available quantities
returned by the E/ T object for changes resulting from software modification. Because E/ T is sensitive to changes
in the lower level objects used in its reconstrction, the E/ T validation package also checks for changes in CaloTow-
ers, HCALRecHits, and ECALRecHits. The validation package (found in Validation/RecoMET) consists of four
modules corresponding to E/ T , CaloTower, HCALRecHit, and ECALRecHit collections. Every quantity provided
by the reconstructed objects has a corresponding histogram, which is checked for changes for each new version
of CMSSW. A shell script, also found in Validation/RecoMET, is used to automatically open histogram ROOT
files, run statistical tests on each histogram, and build the web-interface used to display the validation results. The
standard E/ T validation is performed using officially produced “RelVal” datasets. In particular, the standard set of
good E/ T probes is used, and include Z → µ+µ−, Z � →dijets, and QCD dijet events. Figure 5 shows the output
produced by the E/ T validation package comparing CMSSSW 1 2 0 to CMSSW 1 3 1. On the y-axis is listed
each of the available E/ T quantities that can be examined, with the test score shown on the x-axis. The score is
set equal to the higher of the χ2-test score and Kolmogorov-test score: a score is lower than 10−6 is considered
failing. In the example output shown in Fig. 5, we observe a failure in the comparison of the φ(E/ T ) distribution
(CaloMETPhi), and a very low score in y-component of E/ T (CaloMEy). The φ(E/ T ) distribution is shown in
Fig. 5.

The particular cause of this failure is understood by examining the input to calorimeter E/ T (Calorimeter Towers).
The summary validation output for the CaloTower quantities is shown in Fig. 6. This plot shows the available
CaloTower quantities along the y-axis, with range of compatibility scores along the x-axis. Because CaloTowers

7
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Pileup and HCAL Granularity
• Given a fixed jet cone size, the overwhelming effect on the 

jet energy resolution is fluctuation of the pileup within the 
cone

• Perhaps more advanced jet algorithms could decrease the 
effect, but only so slightly

• Particle flow techniques can be used to remove contribution 
of tracks from non-primary vertex, but it’s not very efficient, 
given small luminous region and >100 vertices
– Multiple scattering of ~1 GeV tracks further complicates this
– Neutral particles can’t be removed at all

• Consequently, increase in transverse segmentation does not 
help much; however may benefit from increased longitudinal 
segmentation (remove/decrease energy contributions from 
the inner layer?; remove “shallow” jets)

4
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Figures of Merit
• Example: SUSY mass reconstruction
• Four b-jets + e + MET final state

– 20% efficiency drop per object 
results in 0.8^5 = 33%

– 20% worse mass resolution 
results in a factor of 1.5 in 
statistics

– Altogether: x5 in statistics 
compared to the LHC - washes 
out the increase in luminosity

• Must have reasonably similar 
performance of the upgraded 
detector compared to the LHC one

• Efficiency: reliance on tracking; 
much higher granularity

• Jet energy resolution: must use 
PFlow-like techniques - longitudinal 

5
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Figure 16. Example of final states from quark-gluino production in a supersymmetric model.

b-jets and one electron, a mere 20% loss of identification efficiency per object would cause a 2.5
loss in statistics. A 20% broadening of the mass resolution for the two reconstructible W and
h0 mass peaks would require a further factor of 1.5 increase in statistics to maintain the same
peak significance. Overall, and neglecting the worsening of missing transverse energy resolution,
this means a net factor of 4 loss in statistical power relative to a lower-luminosity performance.
The bottom line is that only by keeping the detector performance constant can one take full
advantage of the promised luminosity increase of the sLHC! The luminosity leveling discussed
above, when seen from this perspective, acquires a dominant role in any planning.

4.2 The detectors’ upgrade path

4.2.1 The transition to phase 1

Even before worrying about physics performance, the experiments will have to worry about
the operability of their detectors. By the end of the nominal luminosity running, towards 2013,
the experiments are expected to have been exposed to approximately 200 fb−1 of collisions. At
this stage, radiation doses will have compromised the performance of the innermost layers of the
silicon tracking devices. ATLAS and CMS therefore plan their replacement. ATLAS will add a
new pixel layer, built around a new beampipe, sliding inside the previous pixel detector. CMS
will replace the entire pixel detector with a new, 4-layers ones.

In addition, both experiments will complete the coverage of the muon systems, including
presently staged new elements, necessary for the high rates of phase 1. Trigger and data acqui-
sition systems will also continuosly evolve through the years up to phase 1, to cope with the
yearly rate increases.

The time required for installation of the phase 1 upgrades is of the order of 8 months, thus
consistent with the shut down required for the IR modifications foreseen by the accelerator plans.
Readiness to match the accelerator schedule of Winter 2013-14 requires that the planning for
these upgrades be completed by early 2010.

In parallel with the ATLAS and CMS preparations for very-high luminosity, the LHCb ex-
periment is also working towards higher rates. LHCb can only use a fraction of the full LHC
luminosity; at the beginning, this will be 2 × 1032 cm−2s−1, and an upgrade programme is un-
derway to enable LHCb to collect data at 2× 1033 cm−2s−1. Since this luminosity still remains
a fraction of the delivered luminosity, both in phase 1 and phase 2, collisions at LHCb will not
significantly impact the beam lifetime. The main detector improvements include new electronics
to read out at 40MHz, an upgrade of the tracking and RICH detectors, and the ability to increase
by a factor of 10 the event output rate, to 20 kHz.

Thursday, October 29, 2009
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Heavy SUSY
• The reach in terms of squark/gluino 

mass can be extended by ~500 GeV 
(20%) with x10 statistics
– Resembles Tevatron Run II vs. Run I 

situation
• Not too strongly motivated theoretically

– Also note that cold DM searches have good 
sensitivity in this regime

• Yet, worth looking, particularly if hints are 
seen at the LHC
– Can aid the LHC by tackling on difficult 

SUSY scenarios (via squark and neutralino 
decays)

• Signatures involve energetic (>100 GeV) 
central jets, leptons, and MET

• Pile-up not likely to be a problem but 
leakage in HO will be an issue
– Higher depth segmentation
– Good hermeticity (no HB/forward crack)
– Very forward (HF) coverage is not likely to 

be of great importance
6
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Supersymmetry Reach: LHC and SLHC

CMS

tan!=10

5" contours

       Impact of the SLHC
Extending the discovery region
for squarks and gluinos by 
roughly 0.5 TeV i.e. from 
       ~2.5 TeV # 3 TeV 

This extension involved high ET 
jets/leptons and large missing ET

$ Not much compromised by 
increased pile-up at SLHC

m1/2: universal gaugino mass at GUT scale
m0:    universal scalar mass at GUT scale
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Compositeness (including ED)
• Much of the reach improvement comes 

from lepton channels
– Mostly beyond the scope of this talk
– Track isolation can be used instead of 

calorimeter isolation to cope with lepton 
fakes in the presence of large pile-up

• Importance of forward region for high-
mass resonances is quite limited

• For jetty channels, angular distribution is 
a powerful tool (central jets)
– Moderately high jet rapidity coverage (|η| < 

2.0-2.5) is desired
– 50% improvement over LHC can be 

achieved

• Monojet channel offers ~20% 
improvement in sensitivity to large ED
– Similar requirements as for SUSY

7

Fig. 21: Integrated production cross-section and rates for inclusive central (|!| < 2.5) jets. The different curves label the
various contributions to the total the cross-section.

Fig. 22: Expected deviations from the Standard Model predictions for the angular distribution of di-jet pairs at the SLHC
(ATLAS experiment, integrated luminosity of 3000 fb!1), for two values of the compositeness scale!. Di-jet pairs are required
to have invariant mass greater than 6 TeV.

Table 16: The 95% C.L. lower limits that can be obtained in ATLAS on the compositeness scale ! by using di-jet angular
distributions and for various energy/luminosity scenarios.

Scenario 14 TeV 300 fb!1 14 TeV 3000 fb!1 28 TeV 300 fb!1 28 TeV 3000 fb!1

!(TeV) 40 60 60 85
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Strong VV Scattering
• What if Higgs is not found at the 

LHC?
• Need to understand the unitarization 

of VLVL (V = W, Z) scattering, which 
may shed light on why Higgs is not 
seen

• Mainly studied in leptonic channels, 
but must have forward jet tagging |η| 
> 2.0-3.0 to reduce overwhelming 
backgrounds
– Requires an HF-like device capable of 

detecting E > 400-500 GeV jets
– Could be very hard at rapidities >3.0-3.5
– Extending HE replacement to rapidities 

~3.5 may solve the problem
– Additional challenge: central objects 

typically have moderate ET ~ 50-100 
GeV; MET is similarly low and may be 
very hard to reconstruct reliably
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SLHC 
3000 fb-1

Table 10: Expected numbers of reconstructed events above an invariant mass of 600 GeV (for
!

s=14 TeV) and 800 GeV
(for

!
s=28 TeV) for models with a strongly-coupled Higgs sector and for the background. The significance was computed as

S/
!

S + B.

300 fb!1 3000 fb!1 300 fb!1 3000 fb!1

Model 14 TeV 14 TeV 28 TeV 28 TeV
Background 7.9 44 20 180

K-matrix Unitarization 14 87 57 490
Significance 3.0 7.6 6.5 18.9
Higgs, 1 TeV 7.2 42 18 147
Significance 1.8 4.5 2.9 8.1

by flavour-changing neutral currents (FCNC) be as large as 10!5 ! 10!6. Studies documented in [32]
indicate that the data which can be collected with a luminosity of 1034 cm!2s!1 are not sufficient to
explore these models.

Three possible FCNC decays have been investigated:

t"q !, q = u or c (13)
t"q Z, q = u or c (14)
t"q g, q = u or c (15)

For each channel the number of signal events was evaluated for the reference value of

BRdef(t"(u + c)V ) = 1.0 # 10!3 , V = !, Z, g

The “reachable” branching ratio for t"qV decay was estimated as follows [33]:

S
$

S + B +
$

B
%

3

2
", (CL = 99%)

where S and B stand for the numbers of signal and background events, respectively. The considered
background processes include:

• tt̄ (" = 830 pb)
• W (" e, µ)+ jets (" & 7500 pb for pT,W > 20 GeV )
• WW + WZ + ZZ (" = 110 pb)
• W ! (" = 17.3 pb)
• single top (generated with TopRex [34]) (" = 240 pb)

All b-tagged jets should have |#| < 2.5. We considered three cases for the b-tagging efficiency:
• An ideal case, where jets from b, c and light quarks are identified and distinguished with 100%
efficiency.

• A realistic case, based on a CMS simulation valid for a luminosity of 1034 cm!2s!1 where the
b-tagging efficiency is $b ' 60%, the mistagging probability for c-jets ' 10%, and the mistagging
probability for light-quark and gluon jets ' (1 ! 2) %.

• A pessimistic case, in which only semileptonic muon decays of the b-quarks can be used. In
particular, we require pT (µ) % 20 GeV for non-isolated muons carrying at least 60% of the jet
energy, and having a pT relative to the jet axis larger than 700 MeV. This algorithm leads to a
b-tagging efficiency $b = 6.4%.

t"q !
We consider (! + %±+ % 2 jets) final states, with the following cuts:
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Non-resonant
W+LW+L

ZLZL resonance

WLZL resonance
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Conclusions
• LHC → SLHC upgrade offers limited increase in reach in a 

number of new physics models (~20-50% in terms of mass/
energy scale)

• In most cases the objects to be studied are heavy and decay 
into very energetic central leptons/jets, thus not very 
sensitive to pile-up effects

• EB/HB technology is reasonably adequate for signal 
detection; however the HO importance will increase

• Higher longitudinal segmentation in HCAL may help as well
• Mind the gap! Gap between barrel and end-caps may result 

in serious deterioration in MET capacities
• While for many new phenomena calorimeter coverage up to 

|η| < 2.0-2.5 is adequate, forward jet tagging is essential for 
strong vector boson scattering studies and would require 
extension of forward calorimetry to |η| ~ 3.5
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