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Only EYETS (19 weeks)   (no Linac4 connection during Run2)  
LS2  starting in 2018 (July) 18 months + 3months BC (Beam Commissioning) 
LS3 LHC: starting in 2023 => 30 months + 3 BC 
 injectors: in 2024       => 13 months + 3 BC 
 

LHC schedule beyond LS1 

Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LHC schedule  approved by CERN management and LHC experiments spokespersons and technical coordinators 
Monday 2nd December 2013 

CMS phase 1

CMS phase 2

Upgrade timelineLHC splice 
consolidation

HL-LHC upgrade

LHC injector
upgrade

Now



Expected luminosity evolution
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Upgrade Improves
LS1 Repair superconducting splices L

LS2 Injector and collimation upgrades L∝ N/ε,

LS3 Collision region apertures and crab cavities L∝ geometric factor/β*
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LHC status & prospects 
Frédérick Bordry  
Large Hadron Collider Physics (LHCP) conference – New York - 2nd June 2014 
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Done 

100 % done 100 % done Opening:100% 100 % done 

90 % done 80 % done 

100 % done 100 % done 

80 % done 

Closure: 95% 

100 % done 

Done 

F Bordry - LHCP - June 2014 13TeV collisions to start in April 2015
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Figure 2.4: Tracking efficiency (a,c) and fake rate (b,d) for the muon sample as a function of
track h, for the current detector (a,b) and the upgrade pixel detector (c,d). Results are shown
for zero pileup (blue squares), an average pileup of 25 (red dots), an average pileup of 50 (black
diamonds), and an average pileup of 100 (brown triangles) with ROC data loss simulation
expected at the given luminosities as detailed in the text.

Calibration of HE-rebuild detector 
Calibration of photo-detectors (SiPMs) 

!  This can be best done using LED calibration system. 
We have built and operated very good and stable 
LED calibration system, able to monitor long-term 
stability issues  over 2-3 years (Run1) 

Calibration of active readout (scintillators), in particular 
to monitor radiation damage 

!  Laser-> scintillator light injection system 
This system worked very well in Run1. Its present limitation 
(marginal performance of Laser) is being addressed 
during LS1. For Phase2, we would introduce Laser 
injection into more layers, so that every readout depth 
(segment) can be re-calibrated 

!  Co-60 calibration system 
This system, while capable of providing precision data, is 
very challenging to operate (hardware, radio-protection 
issues). Co-60 calibration system has re-started in 2013 
and is now in operational state.  

!  Calibration using collisions data 
Coefficients to correct for radiation damage in HF and 
HE have been extracted by looking at the relative 
energy depositions vs readout sampling depth 

2/19/14 P. de Barbaro, U. of Rochester 
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CMS phase 1 upgrade motivation

50PU

100PU

Tracking efficiency

LHC CMS 
Detector 
Upgrade 

Project 
Tau Trigger 

Big improvement in efficiency with ~10X rate reduction! 

Wesley Smith, 28 May 2014 Director's CD-23 Review -- Trigger Upgrade 14 

Current tau trigger has large and 
negative PU dependence 

Tau trigger
efficiency

30% light loss 
at 20 fb-1

Hcal endcap
response loss

• PU will dramatically reduce tracking efficiency.

• Increasing trigger thresholds and decreasing 
efficiency from PU will affect SM objects.

• Radiation damage will cause light yield ➔ 0 in first 
layers of endcap hadron calorimeter.

25PU
0PU



Trigger
•Full granularity of muon & 

calo systems in level-1 
hardware trigger (L1)

Pixel detector
•additional layers
•less material
•improved readout chip

Hadron calorimeter (HCAL)
•New SiPM photodetectors 
•New frontend+backend 

electronics

Forward calorimeter
•New multianode PMTs
•New frontend+backend 

electronics

CMS phase 1 upgrade



Pixel detector upgrade

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

• Maintain low data loss in presence 
of 50 pileup (PU) with new readout 
chip.

• Additional layer in barrel and 
forward systems.

• Radiation tolerance to 500 fb-1 
[~1.5e15/cm2 1MeV neutron equivalent]. 

• Less material in tracking volume.

2.2. Tracking Performance 23

pileup, the average tracking efficiencies were determined for a number of scenarios and shown
in Table 2.3. Comparing the efficiencies at zero pileup with and without the dynamic ROC data
loss expected for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time), the dynamic data losses cause a only
3.5% (4.0%) loss of tracking efficiency for muons (tt̄) with the current pixel detector. However
at the pileup conditions for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time) simulations show that the
expected loss in efficiency due to the dynamic data loss increases to 8.6% (5.2%) for muons (tt̄).
With much lower dynamic data loss for the upgrade pixel detector, the resultant loss in tracking
efficiency is less than 0.5% in both pileup conditions. The track fake rate is hardly affected by
the dynamic data loss.

To isolate the effects of high pileup, we can compare the performance at zero pileup with those
at high pileup without any ROC dynamic data loss simulated. The results in Table 2.3 for which
the ROC data loss was not implemented show that the pileup conditions for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time) by itself would cause a 7.3% (4.7%) loss of tracking efficiency for muons
(tt̄) in the current pixel detector. The extra pixel layer in the upgrade detector adds information
that reduces this loss in efficiency by more than half to 3.2% (1.3%) for muons (tt̄), and decreases
the fake rate by about a factor of two.

With both the effects of dynamic data loss and the high pileup expected for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time), the loss in tracking efficiency for the current detector is 15.9% (9.9%) for
muons (tt̄), while for the upgraded detector it is reduced by more than a factor of 4 (6) to 3.7%
(1.5%) for muons (tt̄). Although this is not catastrophic, the degradation is worse than linear
and is expected to become unacceptable at moderately higher pileup as illustrated in Figure 2.6.
The track fake rate also rapidly increases with pileup but is about a factor of two lower for the
upgrade pixel detector.
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Figure 2.6: Average tracking efficiency (a) and average track fake rate (b) for the tt̄ sample as
a function of the average pileup. Results were determined using the expected ROC data loss
expected for each given average pileup, and for the current pixel detector (blue squares) and
for the upgrade pixel detector (red dots).

2.2.2 Track Impact Parameter Studies

The track impact parameter resolution was studied in the Phase 1 upgrade detector and com-
pared to the current detector. The track sample used for the impact parameter resolution mea-
surements were from a muon Monte Carlo generated flat in energy (instead of flat in pT). Fig-
ures 2.7 and 2.8 show respectively the transverse and longitudinal impact parameter resolu-
tions for the current and upgrade pixel detectors as a function of the track (total) momentum
for zero pileup. The ratio of the impact parameter resolutions show that the impact parameter

ttbar simulation



Hadron calorimeter upgrade
Barrel and endcap calorimeters
• Replace HPD photodetectors (anomalous 

noise + drifting response) with SiPMs. 

• Small, low voltage, 100-400x higher 
gain, 3x higher PDE than HPD.

• Allows longitudinal segmentation and 
radiation damage calibration (depth 
dependent).

LHC CMS 
Detector 
Upgrade 

Project 
Latest results from KETEK 

May 29, 2014 16 

New KETEK V11 design: at V-VB = 3 volts, now PDE ~30%.  Note that 
there is still room to optimize for wavelengths around 500 nm  

Forward calorimeter
• Multi-anode PMTs and timing 

information in readout allows rejection 
of beam backgrounds.

PDE = photon detection 
efficiency

24 Chapter 2. Design Performance of the Upgraded Detector

magnitude of the spurious muon signals by a factor of four.

Using the test beam data, several background rejection and signal recovery algorithms were
developed exploiting the multi-anode readout. Channel-to-channel response variations within
a PMT were measured and used for correction over the face of the PMT: for the two-channel
readout configuration a ⇠12% variation consistent was observed, as shown in Fig. 2.7). This
variation is consistent with that expected for Poisson variations in the number of photons hit-
ting each of the two channels, given the signal amplitude.

For the two-channel readout configuration, the separation of spurious PMT-window hits is
shown in Fig. 2.7. The algorithm used to identify spurious signals is based on the ratio of
the ordered signals (denoted as S1 and S2, where S1 > S2). Several other algorithms have also
been developed (e.g. based on ratios and means). The two-channel algorithms have on average
92% efficiency for identifying spurious PMT hits with negligible misidentification rate.

Figure 2.7: Channel-to-channel variations for two-channel readout obtained from data col-
lected at the CERN H2 beam tests (left). The RMS of the distribution indicates the uncertainty
in the resulting signal. Distribution of an identification parameter for spurious signals based
on two-channel readout obtained from data collected at the CERN H2 beam tests (right). The
red distribution shows the signal produced by electron showers, whereas the black distribution
shows the PMT signal produced by muons traversing the PMT glass.

An example of recovery at the few photo-electron level is shown in Fig. 2.8 from test beam data.
The same algorithm is applied to spurious PMT hits and to the calorimeter signal. The signal
is virtually unaffected by the recovery algorithm, whereas the spurious PMT hits are corrected
by the algorithm, even without the use of timing information.

As discussed above, spurious signals generally appear 4-5 ns before the signal from the calor-
imeter. This characteristic has been used to reduce the effect of these spurious signals during
2010-2012 LHC operation. The phase relationship between the LHC clock and the QIE in-
tegration clock in HF has been adjusted to shift the charge from spurious events out of the
integration window for the bunch-crossing in which they occurred and into the previous LHC
bucket. Since the LHC has been operating with 50 ns bunch-spacing during 2010-2012, there
are no collisions during the 25 ns periods when the spurious signals arrive. In the Level-1 trig-
ger, these empty buckets have been disabled, which removes much of the effect of the spurious
signals. Similarly, only the bunch-crossing of interest is used to determine the energy in HF for
HLT and reconstruction, also suppressing the impact of the spurious signals.

Fiber Signal
PMT Window Noise

[test beam]

Backend electronics
• Higher speed μTCA to handle increased 

data volume.
• redundancy to improve robustness of 

system



L1 trigger upgrade
• Level-1 trigger rate limited to 1kHz, 

4μs latency by detector readout.
• Mitigate through improved:

• muon triggers: μ pT resolution w/ 
full information from 3 systems in 
track-finding.

• calorimeter triggers: e/γ/μ isolation 
& jet/τ resolution w/ PU subtraction 

• Increased system flexibility and 
algorithm sophistication require high 
bandwith optical links, larger FPGAs, 
μTCA telecom standard electronics.

• Build/commission in parallel with 
current system.

LHC CMS 
Detector 
Upgrade 

Project 

Process 
(x2 improvement highlighted) 

1.1 x 1034 cm–2 s–1 2.2 x 1034 cm–2 s–1 

Current Upgrade Current Upgrade 
W(e�),H(bb) 57.7% 87.0% 37.5% 71.5% 
W(µ�),H(bb) 95.9% 100% 69.6% 97.9% 
VBF H(��(µ�)) 42.6% 51.3% 19.4% 48.4% 
VBF H(��(��)) 24.4% 44.3% 14.0% 39.0% 
VBF H(��(��)) 17.2% 53.7% 14.9% 50.1% 
H(WW(ee��)) 91.4% 97.8% 74.2% 95.3% 
H(WW(µµ��)) 99.9% 99.9% 89.3% 99.9% 
H(WW(eµ��)) 97.6% 99.4% 86.9% 99.3% 
H(WW(µe��)) 99.6% 99.5% 90.7% 99.7% 
Stop�bW��e, jets (600 – 450 GeV) 55.8% 68.2% 50.3% 64.8% 
Stop�bW��µ, jets (600 – 450 GeV) 78.1% 81.6% 76.4% 84.5% 
RPV Stop�jets (200 GeV) 70.1% 99.9% 43.6% 99.9% 
RPV Stop�jets (300 GeV) 93.7% 99.9% 79.7% 99.9% 

Wesley Smith, 28 May 2014 Director's CD-23 Review -- Trigger Upgrade 4 

Physics Performance Summary 
(detail in subsequent talks) 
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(x2 improvement highlighted) 
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Physics Performance Summary 
(detail in subsequent talks) 
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Current Upgrade

Maintain lepton thresholds 
below W peak, recover tau 
trigger at high PU.

Trigger efficiency @ 2e34 cm-2s-1 
Channel



High luminosity LHC

Three%Strong%Reasons%for%LHC%Upgrade%

J.%Strait%8%2003%

1)%a>er%few%years,%sta$s$cal'error'hardly%decreases%%
2)%radia$on'damage'limit%of%IR'quadrupoles'(~700%H81)%reached%by%~2020%=→%Lme%for%an%
upgrade!%%%%

3)%extending'physics'poten$al!%

hypotheLcal%luminosity%%

evoluLon%

By continuous 
performance improvement 
and consolidation 

By implementing HL-LHC 

Almost a factor 3 

• Interaction region quadrupoles require 
replacement at ~700 fb-1 because 
design radiation limit.

• HL-LHC allows factor ~3 increase in 
luminosity w.r.t. LHC.

• Factor 2-3 improvement in Higgs 
coupling precision.

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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G Apollinari 
Nov 2013

σtheory/2, σexp/√L
current σtheory, σexp

arXiv:1307.7135



Interaction region quadrupoles

11 

HL8LHC%Nb3Sn%Magnets%

•  IR%Magnet%%

– 4%Q1%and%4%Q3%(2%per%IR)%plus%1%spare%each%from%US%

•  Q1%and%Q3%will%probably%contain%2%~4.5%m%long%magnets%

each,%for%a%total%of%~20%qudrupoles%

– 4%Q2a%and%4%Q2b%from%CERN%

•  OpLon%sLll%open%on%the%lenght%of%Q2.%

%

E.%Todesco%

HL8LHC%(main)%magnet%Needs%

Type% Material% Field/Gradient%
(T)/(T/m)%

Aperture%
(mm)%

Length%
(m)%

Q1,Q3%
Q2% Single%aperture% Nb3Sn% (12.1)%140% 150% 8%

6.7%

D1% Single%aperture% Nb8Ti% 5.2% 150% 6.7%

D2% Twin%aperture% Nb8Ti% 3.5…5.0% 95…105% 7…10%

Q4% Twin%aperture% Nb8Ti% (5.9)%90% 120% 4.2%

DS%11T% Twin%aperture% Nb3Sn% 10.8% 60% 11%

Correctors and other (resistive) magnets not listed 

• Radiation damage require magnet replacement.
• Increased aperture needed for β* 60 ➔ 15 cm.
• Primary LARP (BNL, FNAL, LBNL, and SLAC) contribution.
• Q1 and Q3 will probably each consist of 2 ~4.5m long magnets 

for a total of 20 quadrupoles.

G Apollinari - Nov 2013



Ten%years%of%intense%R&D%
Subscale'
Quad.'SQ'
0.3%m%long%

110%mm%bore%
200482006%

Technology'
Quadrupole''
TQS'='TQC'
1%m%long%

90%mm%bore%
200682010%

Long'Quadrupole'LQS'
3.7%m%long%

90%mm%bore%
200782012%

High'Field'Quadrupole'HQ'
1%m%long%

120%mm%bore%
200882014%

Long'
Racetrack'

LRS'
3.6%m%long%
No%bore%

200682008%

LQS01 LQS03 

HQ01b-c HQ01d-e HQ02 

TQS01 LRS01 

SQ02 

Summary graphics by courtesy of G. Sabbi and H. Felice (LBNL) 

G > 170 T/m 
Very Preliminary ! 

Ten years of R&D

G Apollinari - Nov 2013



Crab cavities
Crab%CaviLes%

•  Technical%Challenges%

–  Crab%caviLes%have%only%barely%been%shown%to%work.%%
•  Never%in%hadron%machines%

–  LHC%bunch%length%requires%low%frequency%(400%MHz)%

–  19.4%cm%beam%separaLon%needs%“compact”%%
(exoLc)%design%

•  AddiLonal%benefit%
–  Crab%caviLes%are%an%easy%way%to%level%luminosity!%

•  Currently%aiming%for:%
–  Down8select%~next%year%

–  SPS%test%in%2015%
18 

LARP UK 

Without some compensation for crossing angle, 
Reducing the β* will only increase luminosity by ~75% ! L∝ 1
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LARP UK 

Without some compensation for crossing angle, 
Reducing the β* will only increase luminosity by ~75% ! L∝ 1

1+ θcσ z
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2

“Piwinski%Angle”%• Technical challenges:
• Crab cavities have only barely been shown to work — and never in a 

hadron machine.
• 19.4cm beam separation needs exotic “compact” design.

• Additional benefit: CCs allow easy detuning for luminosity leveling.

Piwinski angle

G Apollinari - Nov 2013



CMS phase 2 upgrade motivation

Longevity$of$Phase$1$Electromagne?c$Calorimeter$
6$

o  Detailed$studies$in$beam$tests,$at$P5,$and$from$inEsitu$transparency$
measurements$to$understand$and$model$electromagne?c$and$hadronic$
radia?on$damage$effects$on$crystals$and$photoEdetectors$(APDs$and$VPTs).$$$
-  Projec?ons$indicate$that$ECAL$barrel$will$sustain$3000$\E1$$$

-  EndEcap$will$collect$≤$10%$of$light$at$high$rapidity$ager$500$\E1$

-  Due$to$S/N$degrada?on$the$endEcaps$will$also$progressively$lose$trigger$ability$
$

$$$$$!$The$ECAL$endEcaps$need$to$be$replaced$during$LS3$
$

d
1.5 2 2.5 3

0
S/
S

-310

-210

-110

1

  -1s-2, 5E+33 cm-1  10 fb
  -1s-2, 1E+34 cm-1 100 fb
  -1s-2, 2E+34 cm-1 500 fb
  -1s-2, 5E+34 cm-11000 fb
  -1s-2, 5E+34 cm-12000 fb
  -1s-2, 5E+34 cm-13000 fb

Simulation 
50 GeV e- 

CMS ECAL 

Crystal$Light$transmission$

Facing 10 Mrad and 1x1015 neutrons/cm2  
3000 fb-1:

Longevity$of$Phase$1$Tracker$
5$

o  Strip$tracker$module$leakage$current$&$S/N$degrada?on$are$well$reproduced$
by$radia?on$damage$model$$
-  Projec?ons$demonstrate$that$the$tracker$will$survive$500$\E1$if$operated$

at$E20�C$ager$LS1,$but$will$start$to$lose$modules$beyond$
o  Pixel$Phase$1$detector$will$be$built$to$sustain$�$500$\E1$with$a$replacement$of$

the$innerEmost$layer$
$

!$Must$replace$the$full$Tracker$in$LS3$
$

Map$of$module$leakage$current$in$
the$outer$tracker$ager$1000$\E1$$
$
o  Specifica?on$for$leakage$

current$was$≤$1$mA$$
o  All$red$and$green$areas$will$

have$opera?onal$problems$
Barrel$

EndEcap$

Longevity$of$Phase$1$Hadronic$Calorimeters$
7$

o  Radia?on$damage$projec?ons$are$based$on$inEsitu$monitoring$of$light$collec?on$
-  HF$will$survive$3000$\E1$$at$least$up$to$η$=$4$
-  Projec?ons$of$light$loss$indicate$that$HCAL$barrel$will$sustain$3000$\E1$$$

-  EndEcaps$will$start$to$collect$less$than$5%$of$light$ager$500$\E1$$in$the$forward$
region$and$front$sampling$depths$

!$The$HCAL$endEcaps$need$to$be$replaced$during$LS3$
$

HF$signal$monitoring$and$projec?on$$ HE$map$of$signal$yield$projec?on$ager$500$\E1$$

Actually… with the right design 
the center will hold!

Things fall apart; the centre cannot hold; 
    Mere anarchy is loosed upon the world.

Yeats, 1919

HCAL endcap

Tracker leakage current

~0%



CMS phase 2 upgradeTracker
•Radiation tolerant - high 

granularity - less material
•tracks in hardware trigger
•Coverage to |η|~4

Endcap calorimeters
•Radiation tolerant - higher 

granularity 
•Study coverage to |η|~4

Trigger/DAQ
•L1 w/ tracks @ 1 MHz
•Latency >= 10 us
•HLT output 10 kHz



Tracker + track trigger
Strip tracker
• Double sensor modules provide 40MHz 

trigger info for tracks w/ pT > 2 GeV.

2 backend approaches based on input stubs
• Associative memory chips
• Pure FPGA 

Pixel detector
• Same as phase1, but w/ 10 disks to |η|~4.
• Small pix 30x100μm; thin sensors 100μm

Tracker:$conceptual$design$
16$

z [mm]
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o  Outer$tracker$$
–  High$granularity$for$efficient$track$reconstruc?on$beyond$140$PU$$
–  Two$sensor$“PtEmodules”$to$provide$trigger$
$$$$$$informa?on$at$40$MHz$for$tracks$with$Pt≥2GeV$
-  Improved$material$budget$

o  Pixel$detector$
-  Similar$configura?on$as$Phase$1$with$4$layers$$
$$$$$$and$10$disks$to$cover$up$to$�η�=$4$$
-  Thin$sensors$100$µm;$smaller$pixels$30$x$100$µm$$

o  R&D$ac?vi?es$
–  In$progress$for$all$components$E$prototyping$of$$
$$$$$$2S$modules$started$$
–  BE$trackEtrigger$with$Associa?ve$Memories$$

!"##$$$$$$$$$$$$%"&'$

())$µ*$$$$$$$$$$$$$$$

$$$$$$$$$$$$$+))$µ*$

!"##$$$$$$$$$$$$%"&'$

+$**$

$$$$$$$$+))$µ*$
x"

y"
z"

“stub”'

4%Modules used

5 cm long strips (both sides)
90 μm pitch
P = 2.72 W
~ 92 cm2 active area

2.4 cm long strips + pixels
100 μm pitch
P = 5.01 W
~ 44 cm2 active area

2S

PS

4%Modules used

5 cm long strips (both sides)
90 μm pitch
P = 2.72 W
~ 92 cm2 active area

2.4 cm long strips + pixels
100 μm pitch
P = 5.01 W
~ 44 cm2 active area

2S

PS

Trigger$tracks$selec?on$in$FE$



Endcap calorimeters

Forward$calorimeters:$HCAL$tower$geometry$$
19$

o  First$approach$under$considera?on:$
$$$Maintain$standard$tower$geometry$E$develop$radia?on$tolerant$solu?ons$for$EE$and$$$$
$$$HE$to$deliver$the$necessary$performance$

•  $Rebuild$HE$$
– $More$WLS$fibers$$
– $RadEhard$scin?llator$
– $Possibly$increase$transverse$segmenta?on$for$PU$mi?ga?on$

Radiation tolerant active 
material and configuration

Refurbished HCAL

Crystal scintillator (LYSO, CeF)
W/Pb absorber, 14mmx14mm cells

Forward$calorimeters:$ECAL$tower$geometry$
18$

o  First$approach$under$considera?on:$
$$$Maintain$standard$tower$geometry$E$develop$radia?on$tolerant$solu?ons$for$EE$and$$$

$$$HE$to$deliver$the$necessary$performance$

•  Build$EE$towers,$in$eg,$a$strawman$Shashlik$design:$$

– Lead$or$tungsten$absorber$E$crystal$scin?llator$E$LYSO,$CeF,$WLS$in$Quartz$

Capillaries$E$GaInP$photodetectors…$$

Intrinsic$resolu?on$

Shashlik ECAL

•silicon based,
•30 EM layers,
•12 had layers,
•3.7+1.4M 
channels

•1cmx1cm cells

High Granularity 
Calorimeter

• Survive ~10 Mrad at |η|~4.
• Maintain/improve reco of VBF jets, 

tau, boosted top/W/Z at high PU.
• Take advantage of “particle flow” 

reconstruction.

HGC&in&CMSSW&

!  EE:&Lead'Silicon&(�CALICE&longitudinal&
segmentation),&25.64&X0,&&1.325&λ&
"  1%plane%of%(3mm%Cu,%0.3mm%Si,%2mm%FR4,%2mm%

Air)%
"  10%planes%m%%0.5%X0%(1.6%mm%Pb,%3mm%Cu,%0.3mm%

Si,%2mm%FR4,%2mm%Air)%
"  10%planes%m%0.8%X0%(3.3%mm%Pb,%3mm%Cu,%0.3mm%

Si,%2mm%FR4,%2mm%Air)%
"  10%planes%m%1.2%X0%(5.6%mm%Pb,%3mm%Cu,%0.3mm%

Si,%2mm%FR4,%2mm%Air)%
!  HE:&

"  50%mm%Stainless%Steel,%support%for%EE,%0.3$λ%
!  1)&Brass'Silicon,&4.1&λ&&

"  12%planes%of%(52%mm%Brass,%3mm%Cu,%0.3mm%Si,%
2mm%FR4,%2mm%Air)%

!  2)&Brass'Scintillator,&4.9&λ&&
"  %20%planes%of%current%HE%(34.5mm%Brass,%9mm%

Scintillator/Brass%spacer)%

!  HGCAL:&10.6&λ&&
"  5.7$λ$in$front$of$backing$HE%

Geometry%is%in%CMSSW:%

The%next%step:%digitization%is%in%progress.%
3/31/14%rusack@physics.umn.edu% 52%



Trigger & DAQo  New$L1Etrigger$will$build$on$the$Phase$1$architecture,$adding$tracking$(from$
outer$tracker)$into$all$trigger$objects,$with$increased$granularity$(EB$at$crystal$
level),$and$will$be$able$to$operate$up$to$1$MHz$
–  Match$leptons$with$high$momentum$resolu?on$tracks$
–  Provide$isola?on$of$e, γ, µ or τ$candidate$
–  Provide$track$vertex$associa?on$to$reduce$pileup$effect$in$mul?ple$object$triggers,$

e.g.$in$lepton$plus$jet$triggers$(inves?ga?ng$pixel$implementa?on$in$trigger)$

Trigger/DAQ$systems$
22$

Preliminary$studies$of$L1Etrigger$rate$reduc?on$with$trackEtrigger$$$

Level 1
• Upgrade of ECAL barrel electronics allows 10 μs latency.
• 20 μs latency achievable with changes to CSC readout. 
• 1MHz L1 rate to preserve menu for regions where track trigger 

is less efficient.
• Full crystal granularity at L1 for track match

High level trigger (HLT) & DAQ
• 1 MHz into HLT
• 10 kHz into DAQ

Moore’s law over 10 years 
expected to allow these 

improvements.



Status & conclusion
• HL-LHC upgrades given high priority by P5.
• CMS phase 1 upgrades CD23 review in August 2014.
• CMS phase 2 upgrade technical proposal coming in September 2014.
• LHC+experiments is a global effort, but the US, LARP, and Fermilab play 

critical roles in all phases and should strive to continue leading.

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

HLELHC$physics$program$
10$

-  Measurement$of$VBF$and$rare$processes$is$a$major$physics$goal$at$HLELHC$
$$$$$$!$Trigger$acceptance$at$low$Pt$&$detector$coverage$are$key$
$$$$$$$!$JetEtagging$and$measurement$in$the$forward$region$needs$special$aoen?on$

Systema?c$uncertain?es$as$now,$theory$scaled$
by$½$and$experimental$with$√$of$Luminosity$

The$Physics$Program$and$performance$
reach$at$HLELHC$have$been$documented$
in$the$framework$of$ESPG$and$Snowmass$
prospec?ve$based$on$the$Higgs$boson$
discovery$and$current$results$on$New$
Physics$searches$
$
-  Improving$systema?c$errors$is$cri?cal$

for$precise$measurement$of$Higgs$
proper?es$

$$$!$Tracker$and$Calorimeter$performance$$$$$
$$$$$$$$at$high$PU$is$cri?cal$to$ensure$best$$
$$$$$$$$possible$physics$object$reconstruc?on$

$

arXiv:1311.0299

σtheory/2, σexp/√L

current σtheory, σexp

arXiv:1307.7135
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F Bordry - LHCP - June 2014

LS2 : LHC Injector Upgrades

18 
LHC status & prospects 
Frédérick Bordry  
Large Hadron Collider Physics (LHCP) conference – New York - 2nd June 2014 

LINAC4 – PS Booster: 
– H- injection and increase of PSB injection energy from 50 MeV to 160 MeV, to 

increase PSB space charge threshold 
– New RF cavity system, new main power converters 
– Increase of extraction energy from 1.4 GeV to 2 GeV 

These are only the main modifications and this list is far from exhaustive 
Project leadership: R. Garoby and M. Meddahi 

LS2 : (mid 2018-2019), LHC Injector Upgrades (LIU) 

SPS 
− Electron Cloud mitigation – strong feedback system, or coating of the vacuum system 
− Impedance reduction, improved feedbacks 
− Large-scale modification to the main RF system  

PS: 
− Increase of injection energy from 1.4 GeV to 2 GeV to increase PS 

space charge threshold 
− Transverse resonance compensation 
− New RF Longitudinal feedback system  
− New RF beam manipulation scheme to increase beam brightness 



LHC�CMS
Detector
Upgrade
Project

Motivation

� Expected fluence in the Innermost disk
� The old and the new ROC are contrasted for the same geometryThe old and the new ROC are contrasted for the same geometry

using x-rays (Best case!)
Current�Pixel�Detector Upgrade�Pixel�Detector

Flatter�efficiency�response

Will�Johns,�5/28/14 Director's�CDͲ23��Review�ͲͲ Pixel�Plenary 5

FPiX Expected�Fluence

Pixel upgrade (1)



Pixel upgrade (2)

2.1. Simulation Setup and Reconstruction 15

2. Beam conditions. 14 TeV center-of-mass energy; Gaussian beam spot; four pileup scenar-
ios: zero pileup PU = 0, an average pileup of PU = 25 (for 1 ⇥ 1034 cm�2s�1 with 25 ns
crossing time), an average pileup of PU = 50 (for 2 ⇥ 1034 cm�2s�1 with 25 ns crossing
time)), and an average pileup of PU = 100 (for 2 ⇥ 1034 cm�2s�1 with 50 ns crossing
time).

3. Detector conditions. Ideal conditions, with no dead detector elements in the pixel detector.
Pixel dynamic data loss simulation (see below).

4. Local reconstruction. The CPE (cluster position error) pixel templates are not used for the
final pixel rechit positions and errors, instead the “generic” algorithm is used leading to
slightly worse hit resolutions.

5. Track reconstruction. Reduced and modified the iterative tracking steps (see below).

Modification 1 is obviously needed to simulate the Phase 1 upgrade pixel detector, and 2 is to
simulate the expected conditions during the latter part of the Phase 1 period, where a Gaussian
beam spot of 15 µm in the transverse plane and 5.3 cm in the longitudinal direction is assumed.

Table 2.1: Values of dynamic data loss used in the simulations of the current and upgrade pixel
detector operating at 1 ⇥ 1034 cm�2s�1 (25 ns crossing time) and 2 ⇥ 1034 cm�2s�1 (25 ns and
50 ns crossing time) for each barrel layer and forward disk and for particular bunch crossing
intervals.

Detector Radius % Data loss for (cm�2s�1 @ ns)

(cm) 1 ⇥ 1034 @ 25 2 ⇥ 1034 @ 25 2 ⇥ 1034 @ 50

Current detector

BPIX1 4.4 4.0 16.0 50.0

BPIX2 7.3 1.5 5.8 18.2

BPIX3 10.2 0.7 3.0 9.3

FPIX1 and 2 0.7 3.0 9.3

Upgrade detector

BPIX1 3.0 1.19 2.38 4.76

BPIX2 6.8 0.23 0.46 0.93

BPIX3 10.2 0.09 0.18 0.36

BPIX4 16.0 0.04 0.08 0.17

FPIX1–3 0.09 0.18 0.36

To compare the performance of the upgrade pixel detector with the current one we imple-
mented the configurations 3 and 4. Simulation of the expected data loss in the pixel detector
due to the ROC and readout is implemented with the data loss values given in Table 2.1. Since
we do not yet have the pixel CPE templates implemented for the upgrade pixel detector we



Pixel upgrade (4)

2.1. Simulation Setup and Reconstruction 17

Table 2.2: Total material weight for the pixel barrel and forward pixel detectors, and for the car-
bon fiber tube outside of the pixel barrel that is needed for the TIB and for beam pipe bakeout.

Volume Mass (g)

Present Detector Phase 1 Upgrade Detector

BPIX |h| < 2.16 16801 6686

FPIX |h| < 2.50 8582 7040

Barrel Outer Tube |h| < 2.16 9474 9474

black points. Note that the “barrel outer tube” mentioned above and in Table 2.2 is included in
the material budget for both present and upgrade pixel detectors for the comparisons shown
in Figure 2.2.
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Figure 2.2: The amount of material in the pixel detector shown in units of radiation length (left),
and in units of nuclear interaction length (right) as a function of h; this is given for the current
pixel detector (green histogram), and the Phase 1 upgrade detector (black points). The shaded
region at high |h| is outside the region for track reconstruction.

2.1.2 Pattern Recognition and Track Reconstruction

The normal pattern recognition and track reconstruction use an iterative procedure [10] con-
sisting of a number of steps where the idea is that better tracks are reconstructed first and their
hits removed before other tracks are reconstructed from the remaining hits. The “best” tracks
are those that are less likely to be fake tracks. Each of the tracking steps starts with a collection
of “seeds” formed from 2 (a pair seed) or 3 (a triplet seed) pixel hits consistent with some mini-
mum track pT, and coming from some region of the beam spot. The first step uses triplet seeds
and higher minimum track pT, these are followed by steps using pair seeds and/or lower pT.
The later steps use seeds that contain or only consists of hits from the silicon strip detector to
find detached tracks, e.g. from decay products of K0

s mesons or L0 baryons. For the studies
presented in this chapter the later steps used to reconstruct detached tracks have been omitted
to speed up the reconstruction and reduce memory usage that can be an issue for the largest
pileup scenario studied.

With the additional barrel layer and end cap disks, the upgraded pixel detector will have excel-
lent four-hit coverage over its whole h range. This allows for the creation of four-hit (“quadru-



Muon trigger upgrade (4)
LHC CMS 
Detector 
Upgrade 

Project 

�� Sophisticated pT assignment (studied with BDTs) based 
on expanded list of information over current CSCTF 
�� Tail Clipping: if a variable, e.g. ��12,is in 5% (10%, 15%) tail, 

demote pT to most probable value for given ��12   
�� Repeat over all 10 variables, report lowest demoted pT 

�� Sharpens rate curve, factors of 2-3 rate reduction for 
modest efficiency loss (~5%, and programmable) 
Wesley Smith, 28 May 2014 Director's CD-23 Review -- Trigger Upgrade 6 
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Potential 
Improvement Challenges Solution When

e-

collimation, dump, long 
range collisions

Low emittance techniques 
with existing injectors Now

dipole splice resistance splice consolidation 2013-14
(LS1)

space charge in injectors,
e-

increase E of injectors, SPS 
coating

2018-19
(LS2)

aperture near IPs new IP magnets 2023-25
(HL-LHC)crossing angle crab cavities

LHC upgrades: Maximize    , minimize L �PU�
f = bunch frequency (11 kHz)
kb = number of bunches (1380, 2808)
Nb = protons / bunch (1.6� 1011)
�n = normalized emittance (2.5 µm)
�� = optics parameter (60 cm)
F = geometric factor (40-80%)
�c = crossing angle (290 µrad)
�z = bunch length (7.55 cm)

L =
f · kb · N2

b

4��2 (head-on beams)

L =
1
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mp

�
(fkbNb)

�
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��
1
��

�
F (�c,�z,�)

�PU� =
L · �inelastic

pp

kb · f
(for given L)

L � Ebeam

L � F

L � Nb/�n

L � 1/��

�PU� � 1/kb

L � fkbNb


