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Why High Luminosity?
LHC delivered luminosity:
q 163.54 fb-1 (2015—2018)

To half the statistical error:
q 4x int. luminosity: ∼650 fb-1

“Average” LHC year: ∼50 fb-1

More than 10 years running!
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A Luminosity Upgrade

of bunches, if the same bunch current is used. Several 
bunch schemes were used in LEP:  
1. Nominal 4 on 4 bunches (1989-1992, 1996-2000). 
2. 8 on 8 bunches with Pretzel orbits (1992-1994). 
3. Bunch trains with a crossing-angle (1995). 

The use of pretzel orbits (horizontal separation orbits) 
proved very successful and allowed reaching and sur-
passing the LEP1 design luminosity in the fifth year at 
45.6 GeV. Highest luminosity at 45.6 GeV was reached 
with bunch train operation in the seventh year. In sum-
mary, the LEP1 peak luminosity reached about 210% of 
its design value. 

3.2  Peak Luminosity at LEP2 
The situation was qualitatively different for LEP2 

beam energies, where the beam-beam limit was not 
reached and much higher bunch currents (up to ~ 0.8 
mA) could be collided (see Section 5). As soon as the 
beam energy was raised above 50 GeV the LEP2 design 
luminosity was surpassed. The increase of the horizontal 
beam size with beam energy was partly compensated 
with a stronger focusing optics [14] and changes in the 
damping partition numbers [15]. The highest LEP2 lu-
minosities reached about 400% of the LEP2 design 
value. In 2000 the peak luminosity was voluntarily re-
duced in order to maximize the beam energy [7,15].  

4  INTEGRATED LUMINOSITY  
The integrated luminosity that is delivered to the ex-

periments is a function of the instantaneous (peak) lumi-
nosity and the accelerator efficiency. The accelerator 
efficiency is reduced due to the time required to diag-
nose and repair problems, to set-up luminosity condi-
tions, to turn-around the fills (machine cycling, injec-
tion, ramping, setting up of collisions), etc. The effi-
ciency was constantly improved over the years:  
1. A thorough cold-checkout minimized the number of 

problems to be fixed with beam. 
2. A vertical realignment of all quadrupoles ensured 

faster set-up of nominal luminosity conditions. 
3. The operational procedures were constantly im-

proved for a faster set-up of luminosity runs. 
The importance of those improvements in accelerator 

efficiency is shown in Figure 2, where the average deliv-
ered luminosity per day is given for each year of LEP 
operation. From Figure 1 we see that there was no im-
provement in peak luminosity over the years 1990-1992. 
Nevertheless, improvements in the efficiency increased 
the luminosity production rate by a factor 2.6 during the 
same period. The production rate for Z physics in 1994 
was 17 times larger than the one in 1989 and 6 times 
larger than in 1990.  

At the highest LEP2 energies the length of physics 
fills was only 1.5 hours, much shorter than the 12 h 
physics fills at the Z energy. An even better efficiency 
was crucial for a good LEP2 performance. 
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Figure 1: Peak luminosity for each year of LEP opera-
tion. The dashed lines indicate the design luminosities 
for LEP1 (red bars) and LEP2 (blue bars).  
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Figure 2: Average luminosity delivered per scheduled 
day of physics for each year of LEP operation. The red 
bars indicate LEP1 running, the blue bars LEP2 running. 

 

0
5

10
15
20
25
30
35
40
45
50

18:00 19:00 20:00 21:00

Li
fe

tim
e 

[h
]

Time

Electrons
Positrons

Lifetime without
collision

Lifetime during collision
(increase with current decrease)

Reduction of
transverse
separation

 
 

Figure 3: Evolution of beam lifetime in LEP. 
 
Reliable luminosity production depends in addition on 

a well-behaved machine in terms of beam losses or beam 
lifetime. The beam lifetime during a high energy physics 
fill is shown in Figure 3. The regular behaviour of the 
beam lifetime is clearly visible. All contributions to the 
LEP beam lifetime have been analysed and are well un-
derstood [16]. 

Proceedings of the Second Asian Particle Accelerator Conference, Beijing, China, 2001 

“Doubling data time” increases
q Diminishing returns on running 

the accelerator.

Natural upgrade path
q Tevatron

§ Run I (3E31) à Run 2 (4E32)
q LEP

§ LEP1 (3E31) à LEP2 (1E32)
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The High-Luminosity LHC
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The HL-LHC “Nominal” Scenario
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5 x 1034 cm-2 s-1



The HL-LHC “Ultimate” Scenario
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7.5 x 1034 cm-2 s-1



Building the HL-LHC
11–12 T superconducting magnets

Compact superconducting cavities
q Beam rotation with 

ultra-precise phase control

New tech for beam collimation

High-power superconducting links
q Negligible energy dissipation 

over 300 meters
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Luminosity
Related to the number of interesting hadronic 

interactions – events – that the 
accelerator can deliver.

The rate of events per second dR/dt depends 
on the luminosity L and the process cross-
section σp

For proton bunches colliding head-on, with 
Gaussian profile in both transverse 
directions 

.
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Pileup
Unwind the previous calculation back a bit. 

q Divide by the number of bunches Nb.
That is the luminosity per bunch pair Lbb.

q Divide by the revolution frequency frev. 
Now we have the specific luminosity 
for a single bunch crossing.

q Multiply by the total pp cross-section (≃ 80 
mb). That is the number of interactions per 
bunch crossing μ.

The pileup of events is the price we must 
pay for high luminosity.

q LHC: μ = 30—50 
q HL-LHC: μ = 140 @ 5E34 —200 @ 7.5E34
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Expectations for the HL-LHC
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rare SM processes



Expectations for the HL-LHC
Current limits on BSM 

⟶ a rare process 
even with 4000 fb-1

q Full luminosity needed for 
evidence of new physics

Important role for 
precision physics

q Precise measurements 
of SM parameters

q Searches for
rare SM processes
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Physics of the HL-LHC: WW scattering
High invariant mass WW ⟶ WW

q Confirm the role of the Higgs boson?
q Alternative underlying EWSB mechanism?

Run 2 results
q Same sign WW + 2j: 

𝜎/𝜎SM = 1.20 ± 0.11 ± 0.08
q Polarized same sign WW + 2j:

§ WL WL: < 1.17 fb, 95% CL
§ WL W: 2.3 𝜎 measurement

CMS HL-LHC projections
q Same sign WW: 3% uncertainty
q Polarized WL WL : very close to 5 𝜎!
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Physics of the HL-LHC: H ⟶𝜇𝜇
Exquisite prediction of the SM

q Are the Yukawa couplings 
really proportional 
to the fermion masses?

Run 2 results
q H to dimuons:

𝜎/𝜎SM = 1.19 ±0.40 ± 0.15 
q H to ccbar:

𝜎(VH) x 𝜎(H ⟶ cc) < 4.5 pb
§ Probably unobservable even at the HL-LHC...

CMS HL-LHC projections
q H to dimuons:

uncertainty on ĸµ = 6.7% total 
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Physics of the HL-LHC: HH production
Five decay channels
q 4b, bbWW, bbZZ, bb𝜏𝜏, bb𝛾𝛾

Run 2 results:
q Nonresonant: 4b, bb𝛾𝛾, bbZZ
q Resonant: 4b, bbWW/bb𝜏𝜏

CMS HL-LHC projections
q Projected significance: 2.6 𝜎
q Higgs triple coupling:

§ 68% CL: [0.35, 1.9]
§ 95% CL: [-0.18, 3.6]
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CMS in the High-Luminosity LHC Era
Goal

q Extend the physics programme to the 
4000 fb-1 integrated luminosity target

q Keep the detector performance
§ Efficiency
§ Resolution
§ Background rejection

Obstacles
q High instantaneous luminosity (pileup)

§ Improved granularity and timing information
q High integrated luminosity (radiation)

§ Replacement of Tracker and Endcap Calorimeter
q Huge amount of data (computing and storage)

§ Overhauled Trigger and DAQ systems

15



CMS Phase-2 Upgrade Overview

16

Tracker
• Si-Strip/Pixels increased granularity
• Tracking in L1-Trigger
• Extended coverage to η ≃ 3.8

Endcap Calorimeter
• 3D showers + precise timing
• Si, Scint+SiPM in Pb/W-SS

MIP Timing Detector
• Precision timing with:
• - Barrel layer: Crystals + SiPMs
• - Endcap layer: Low Gain 

Avalanche Diodes

L1-Trigger
• Tracks in L1-Trigger 

at 40 MHz
• PFlow selection
• 750 kHz L1

Barrel Calorimeters
• ECAL readout at 40 MHz 

w/ precise timing at 30 GeV
• ECAL/HCAL new 

back-end boards
Muon Systems
• DT/CSC new FE/BE readout 
• RPC back-end electronics 
• New GEM/RPC 1.6 < η < 2.4 
• Extended to η ≃ 3

DAQ and High-Level Trigger
• Full optical readout
• Event network 60 tb/s  
• Heterogeneous architecture
• 7.5 kHz HLT



The Phase-2 Upgrade of the CMS Tracker
Requirements

q Radiation resistance
§ Max fluence up to O(1016) 

neq/cm2

q Increased granularity
§ ∼ 1200 tracks / unit of 𝜂

q Reduced material
§ Preserve calorimetric resolution

q Contribution to the L1 trigger
§ Outer Tracker:  pT modules ⟶

stubs compatible with
tracks pT > 2 GeV

q Extended acceptance:|𝜂| < 4.0

17

98 Chapter 6. Expected Performance
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Figure 6.2: Material budget inside the tracking volume estimated in units of radiation lengths,
comparing the Phase-1 (left) and the Phase-2 (right) detectors. The material in front of the Inner
Tracker sensors is shown in brown, that inside the Inner Tracker tracking volume in yellow, that
between IT and OT sensors in green, and that inside the Outer Tracker tracking volume in blue.
The histograms are stacked.

discs at higher radii and z positions, with a variable density that takes into account the accu-
mulation of services along the structures, where appropriate. The mechanical structures are
included in the service volumes.

The impact of the detector’s material on tracking resolution and secondary interactions is best
evaluated by comparing the amount of material inside the tracking volume, defined as the mate-
rial crossed by a straight line between the origin and the farthest silicon sensor met by the line.
Figure 6.2 shows a comparison of the estimates of the material inside the tracking volume, in
units of radiation lengths, for the Phase-1 detector (as currently defined in the standard CMS
simulation and reconstruction software, CMSSW [65]) and the Phase-2 detector (as estimated
with tkLayout). A similar comparison in units of nuclear interaction lengths is provided in
Section 12.1.2. The material budget of the Phase-2 detector is slightly smaller than that of the
Phase-1 detector in the centre of the detector, i.e. at |h| ⇡ 1, and significantly smaller in the
region around |h| = 1.5. One reason for the large amount of material in the Phase-0 tracker in
that region is the routing of services at the interface between different sub-detectors, especially
around the Tracker Inner Disks (TID), a sub-detector consisting of three small discs per side
within the actual barrel region (visible in Fig. 2.1). The presence of this sub-detector forces the
routing of services to be such that tracks from the origin cross the same services multiple times.
The Phase-2 detector service routing is designed to avoid this feature, and the design of a tilted
section in the TBPS is highly beneficial in this respect.

The material budget of the Phase-1 detector was obtained from the current reference CMSSW
simulation software. Since the strip tracker is exactly the same as in Run 1, its material budget
was extensively verified with collected data, exploiting photo conversions and nuclear interac-
tions in the material, as reported in Ref. [66]. The Phase-1 pixel detector material description,
instead, is based on engineering drawings of the newly-built detector to the collaboration’s best
knowledge, but at the time of writing was not validated yet with physics data. The Phase-2 de-
tector material budget obtained with tkLayout has been validated by reproducing the Run 1



Phase-2 Tracker Geometry and Parameters

Outer Tracker
q 6 barrel layers
q 5 discs per side 
q 9.5 million channels 
q 44M strips + 174M macropixels

Inner Tracker
q 4 barrel layers, 
q 8 small disks, 4 large discs per side 
q Pixel sizes

§ 50 x 50 µm2 , 25 x 100 µm2

18



Phase-2 Tracking Performance
Combinatorial Kalman Filter

q Under study: segment linking
q Under study: mkFit

Iterative Approach
q pT > 0.9 GeV

§ 90% efficiency
§ Uniform in pseudorapidty

q pT ∼ 0.3 GeV
§ At least 30% efficiency

Deterministic Annealing Vertexing
q 75% of all vertices reconstructed
q 93% efficiency of correct vertex identification

19

286 Chapter 12. Additional Information on Material Budget, Local Reconstruction, and Tracking
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Figure 12.11: Iteration by iteration tracking efficiency for the tt sample with an average pileup
of 200 events, reconstructed with the Phase-2 detector. The label of each iteration identifies the
seeding algorithm used, as listed in Table 12.6.

high and low pT can be explained by two effects: the large cross section for nuclear interactions
at low energies, and the production of secondary particles by inelastic scattering, which are
very close to the mother particle at high energies. It should also be noted that the tracking
algorithms and selections are not yet fully optimized for very high levels of pileup.

Figure 12.11 shows the contribution of the individual iterations to the final tracking efficiency of
tt events with 200 pileup events. Thanks to the iterations targeting low transverse momentum
particles, the efficiency is at least 30% down to a pT of about 300 MeV.

The five trajectory parameters in the CMS convention have been described in Section 6.3.2.2.
Figure 12.12 shows the resolution of the five parameters for single muons with pT = 1, 10 and
100 GeV as a function of the pseudorapidity for the future Phase-2 tracker. The resolution de-
teriorates for large h for all parameters, but for different reasons: the shorter lever arm for the
estimation of the curvature and of the azimutal angle f; the larger extrapolation distance from
the innermost hit to the beam axis for the impact parameter; and the parametrization of the
polar angle q by cot q. At high momentum, the resolution of the impact parameter is domi-
nated by the position resolution of the innermost hit in the pixel detector; at lower momentum
the resolution gets progressively worse because of multiple scattering. The precision of the
longitudinal impact parameter benefits from charge sharing in the pixel clusters for |h|  0.4,
especially for high pT. The relative precision of the transverse momentum is very similar for
1 and 10 GeV, and somewhat worse for 100 GeV.

12.3.2.3 Primary vertex reconstruction and resolution

The CMS vertex reconstruction [69] is a two-step procedure consisting of vertex finding and
vertex fitting. The Deterministic Annealing algorithm [163] produces clusters of tracks coming
from the same interaction vertex. It uses the z coordinates of the points of closest approach of
the tracks to the beam line with their uncertainties, and assigns tracks to a vertex with proba-
bility between 0 and 1 (soft assignment). The algorithm achieves a resolving power of below
1 mm. Identified track clusters are then processed with an Adaptive Vertex Fit [164] to compute



High-Granularity Calorimeter (HGCAL)
Requirements

q Radiation tolerance
q Dense calorimeter

§ Shower lateral compactness
q Fine lateral/longitudinal granularity
q Precision time measurement of the showers
q Contribution to the L1 trigger

Sections
q Electromagnetic calorimeter (CE-E)

§ Si, Cu & CuW & Pb absorbers, 
§ 28 layers, 25 χ0 and ∼1.3 λ

q Hadronic calorimeter (CE-H)
§ Si & Scintillator, stainless steel & Cu absorbers
§ 22 (8+14) layers, ∼9.5 λ

20

High-Granularity Calorimeter (HGCAL): design parameters
• Key Parameters:
• The HGCAL covers  1.5 < |η| < 3.0
• 215 ton/endcap, full system at -30C
• 620 m2 of Si sensors in 30k modules:  6M Si channels, 0.5 or 1 cm2 cell size
• 400 m2 of scintillator in 4k boards:  240k scintillator chan., 4-30 cm2 cell size

• Active Elements:
• Hexagonal modules based on Si sensors in CE-E and 

high-radiation regions of CE-H
• Scintillating tiles with SiPM readout in low-radiation regions of CE-H
• "Cassettes”: multiple modules mounted on cooling plates with 

electronics and absorbers

• Detector Configuration:
• Electromagnetic calorimeter (CE-E) : Si, Cu/CuW/Pb absorbers; 

28 layers, 25.5 Xo and 1.7 λ
• Hadronic calorimeter (CE-H) : Si & scintillator, steel  absorbers; 

22 layers and ~9.5 λ (including CE-E)

11



HGCAL Geometry and Parameters
Sensors
q Silicon (120/200/300 μm)

§ Total 620 m2

§ 0.5-1.0 cm2 ⇒ 6M channels 
q Plastic scintillators with 

SiPM readout
§ Total 400 m2

§ 4-30 cm2 ⇒ 240k channels 

Intrinsic timing capabilities
q ∼ 25ps resolution

21

HGCAL 4FOTPST
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(a) Low density Silicon sensors
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(b) High density Silicon sensors
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kj9e

UR3- d3V

kj9d

UR3- dNV

kj93

UR3- 3yV

kj9N

UR3- 3RV

kj8y
UR3- 3kV

kj8R
UR3- 3jV

kj8k
UR3- 39V

kj8j
UR3- 38V

kj89
UR3- 3eV

kj88
UR3- 3dV

kj8e
UR3- 33V

kj8d
UR3- 3NV

kj83UR3- NyV
kj8NUR3- NRVkjeyUR3- NkVkjeRUR3- NjVkjekUR3- N9VkjejUR3- N8Vkje9UR3- NeV

kje8UR3- NdV
kjeeUR3- N3V

kjedUR3- NNV
kje3

UR3- RyyV

kjeN
UR3- RyRV

kjdy
UR3- RykV

kjdR
UR3- RyjV

kjdk
UR3- Ry9V

kjdj
UR3- Ry8V

kjd9
UR3- RyeV

kjd8
UR3- RydV

kjde
UR3- Ry3V

kjdd

UR3- RyNV

kjd3

UR3- RRyV

kjdN

UR3- RRRV

kj3y

UR3- RRkV

kj3R

UR3- RRjV

kj3k

UR3- RR9V

kj3j

UR3- RR8V

kj39

UR3- RReV

kj38

UR3- RRdV

kj3e

UR3- RR3V

kj3d

UR3- RRNV

kj33

UR3- RkyV

kj3N
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kjN9

URN- yV

kjN8

URN- RV

kjNe

URN- kV

kjNd

URN- jV

kjN3

URN- 9V

kjNN

URN- 8V

k9yy

URN- eV

k9yR

URN- dV

k9yk

URN- 3V

k9yj

URN- NV

k9y9

URN- RyV

k9y8

URN- RRV

k9ye

URN- RkV

k9yd

URN- RjV

k9y3

URN- R9V

k9yN

URN- R8V

k9Ry
URN- ReV

k9RR
URN- RdV

k9Rk
URN- R3V

k9Rj
URN- RNV

k9R9
URN- kyV

k9R8
URN- kRV

k9Re
URN- kkV

k9Rd
URN- kjV

k9R3
URN- k9V

k9RNURN- k8V
k9kyURN- keV

k9kRURN- kdV
k9kkURN- k3V
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URN- 9yV

k9j8
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k9je
URN- 9kV

k9jd
URN- 9jV

k9j3
URN- 99V

k9jN

URN- 98V

k99y

URN- 9eV

k99R

URN- 9dV

k99k

URN- 93V

k99j

URN- 9NV

k999

URN- 8yV

k998

URN- 8RV

k99e

URN- 8kV

k99d

URN- 8jV

k993

URN- 89V

k99N

URN- 88V

k98y

URN- 8eV

k98R

URN- 8dV

k98k

URN- 83V

k98j

URN- 8NV

k989

URN- eyV

k988

URN- eRV

k98e

URN- ekV

k98d

URN- ejV

k983

URN- e9V

k98N

URN- e8V

k9ey

URN- eeV

k9eR

URN- edV

k9ek

URN- e3V

k9ej

URN- eNV

k9e9

URN- dyV

k9e8

URN- dRV

k9ee

URN- dkV

k9ed

URN- djV

k9e3

URN- d9V

k9eN

URN- d8V

k9dy

URN- deV

k9dR

URN- ddV

k9dk

URN- d3V

k9dj

URN- dNV

k9d9

URN- 3yV

k9d8
URN- 3RV

k9de
URN- 3kV

k9dd
URN- 3jV

k9d3
URN- 39V

k9dN
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k93y
URN- 3eV

k93R
URN- 3dV

k93k
URN- 33V

k93j
URN- 3NV
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k9NRURN- NdV
k9NkURN- N3V

k9NjURN- NNV
k9N9URN- RyyV

k9N8
URN- RyRV

k9Ne
URN- RykV

k9Nd
URN- RyjV

k9N3
URN- Ry9V

k9NN
URN- Ry8V

k8yy
URN- RyeV

k8yR
URN- RydV

k8yk
URN- Ry3V

k8yj
URN- RyNV

k8y9

URN- RRyV

k8y8

URN- RRRV

k8ye

URN- RRkV

k8yd

URN- RRjV

k8y3

URN- RR9V

k8yN

URN- RR8V

k8Ry

URN- RReV

k8RR

URN- RRdV

k8Rk

URN- RR3V

k8Rj

URN- RRNV

k8R9

URN- RkyV

k8R8
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k8ky

Uky- yV

k8kR

Uky- RV

k8kk

Uky- kV

k8kj

Uky- jV

k8k9

Uky- 9V

k8k8

Uky- 8V

k8ke

Uky- eV

k8kd

Uky- dV

k8k3

Uky- 3V

k8kN

Uky- NV

k8jy

Uky- RyV

k8jR

Uky- RRV

k8jk

Uky- RkV

k8jj

Uky- RjV

k8j9

Uky- R9V

k8j8
Uky- R8V

k8je
Uky- ReV

k8jd
Uky- RdV

k8j3
Uky- R3V

k8jN
Uky- RNV

k89y
Uky- kyV

k89R
Uky- kRV

k89k
Uky- kkV

k89j
Uky- kjV
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k898Uky- k8V
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k8ek
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Uky- 9eV

k8ed
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Uky- 9NV

k8dy

Uky- 8yV

k8dR

Uky- 8RV

k8dk

Uky- 8kV

k8dj

Uky- 8jV
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Uky- 89V

k8d8

Uky- 88V

k8de

Uky- 8eV

k8dd

Uky- 8dV

k8d3

Uky- 83V

k8dN

Uky- 8NV

k83y

Uky- eyV

k83R

Uky- eRV

k83k

Uky- ekV

k83j

Uky- ejV

k839

Uky- e9V

k838

Uky- e8V

k83e

Uky- eeV

k83d

Uky- edV

k833

Uky- e3V

k83N

Uky- eNV

k8Ny

Uky- dyV

k8NR

Uky- dRV

k8Nk

Uky- dkV

k8Nj

Uky- djV

k8N9

Uky- d9V

k8N8

Uky- d8V
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Uky- deV
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Uky- ddV

k8N3

Uky- d3V
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Uky- dNV

keyy
Uky- 3yV

keyR
Uky- 3RV

keyk
Uky- 3kV

keyj
Uky- 3jV

key9
Uky- 39V

key8
Uky- 38V

keye
Uky- 3eV

keyd
Uky- 3dV

key3
Uky- 33V

keyN
Uky- 3NV

keRyUky- NyV
keRRUky- NRVkeRkUky- NkVkeRjUky- NjVkeR9Uky- N9VkeR8Uky- N8VkeReUky- NeV

keRdUky- NdV
keR3Uky- N3V

keRNUky- NNV
kekyUky- RyyV

kekR
Uky- RyRV

kekk
Uky- RykV

kekj
Uky- RyjV

kek9
Uky- Ry9V

kek8
Uky- Ry8V

keke
Uky- RyeV

kekd
Uky- RydV

kek3
Uky- Ry3V

kekN
Uky- RyNV

kejy
Uky- RRyV

kejR

Uky- RRRV

kejk

Uky- RRkV

kejj

Uky- RRjV

kej9

Uky- RR9V

kej8

Uky- RR8V

keje

Uky- RReV

kejd

Uky- RRdV

kej3

Uky- RR3V

kejN

Uky- RRNV

ke9y

Uky- RkyV
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ke9e

UkR- yV

ke9d

UkR- RV

ke93

UkR- kV

ke9N

UkR- jV

ke8y

UkR- 9V

ke8R

UkR- 8V

ke8k

UkR- eV

ke8j

UkR- dV

ke89

UkR- 3V

ke88

UkR- NV

ke8e

UkR- RyV

ke8d

UkR- RRV

ke83

UkR- RkV

ke8N

UkR- RjV

keey
UkR- R9V

keeR
UkR- R8V

keek
UkR- ReV

keej
UkR- RdV

kee9
UkR- R3V

kee8
UkR- RNV

keee
UkR- kyV

keed
UkR- kRV

kee3
UkR- kkV

keeN
UkR- kjV

kedy
UkR- k9V

kedRUkR- k8V
kedkUkR- keV

kedjUkR- kdV
ked9UkR- k3V ked8UkR- kNV kedeUkR- jyV keddUkR- jRV ked3UkR- jkV kedNUkR- jjV ke3yUkR- j9V

ke3RUkR- j8V
ke3kUkR- jeV

ke3j
UkR- jdV

ke39
UkR- j3V

ke38
UkR- jNV

ke3e
UkR- 9yV

ke3d
UkR- 9RV

ke33
UkR- 9kV

ke3N
UkR- 9jV

keNy
UkR- 99V

keNR
UkR- 98V

keNk
UkR- 9eV

keNj

UkR- 9dV

keN9

UkR- 93V

keN8

UkR- 9NV

keNe

UkR- 8yV

keNd

UkR- 8RV

keN3

UkR- 8kV

keNN

UkR- 8jV

kdyy

UkR- 89V

kdyR

UkR- 88V

kdyk

UkR- 8eV

kdyj

UkR- 8dV

kdy9

UkR- 83V

kdy8

UkR- 8NV

kdye

UkR- eyV

kdyd

UkR- eRV

kdy3

UkR- ekV

kdyN

UkR- ejV

kdRy

UkR- e9V

kdRR

UkR- e8V

kdRk

UkR- eeV

kdRj

UkR- edV

kdR9

UkR- e3V

kdR8

UkR- eNV

kdRe

UkR- dyV

kdRd

UkR- dRV

kdR3

UkR- dkV

kdRN

UkR- djV

kdky

UkR- d9V

kdkR

UkR- d8V

kdkk

UkR- deV

kdkj

UkR- ddV

kdk9

UkR- d3V

kdk8
UkR- dNV

kdke
UkR- 3yV

kdkd
UkR- 3RV

kdk3
UkR- 3kV

kdkN
UkR- 3jV

kdjy
UkR- 39V

kdjR
UkR- 38V

kdjk
UkR- 3eV

kdjj
UkR- 3dV

kdj9
UkR- 33V

kdj8UkR- 3NV
kdjeUkR- NyV

kdjdUkR- NRVkdj3UkR- NkVkdjNUkR- NjVkd9yUkR- N9Vkd9RUkR- N8Vkd9kUkR- NeVkd9jUkR- NdV
kd99UkR- N3V

kd98UkR- NNV
kd9eUkR- RyyV

kd9d
UkR- RyRV

kd93
UkR- RykV

kd9N
UkR- RyjV

kd8y
UkR- Ry9V

kd8R
UkR- Ry8V

kd8k
UkR- RyeV

kd8j
UkR- RydV

kd89
UkR- Ry3V

kd88
UkR- RyNV

kd8e
UkR- RRyV

kd8d
UkR- RRRV

kd83

UkR- RRkV

kd8N

UkR- RRjV

kdey

UkR- RR9V

kdeR

UkR- RR8V

kdek

UkR- RReV

kdej

UkR- RRdV

kde9

UkR- RR3V

kde8

UkR- RRNV

kdee

UkR- RkyV

kded

UkR- RkRV

kde3

UkR- RkkV

kdeN

UkR- RkjV

kddy

UkR- Rk9V

kddR

UkR- Rk8V
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kddk

Ukk- yV

kddj

Ukk- RV

kdd9

Ukk- kV

kdd8

Ukk- jV

kdde

Ukk- 9V

kddd

Ukk- 8V

kdd3

Ukk- eV

kddN

Ukk- dV

kd3y

Ukk- 3V

kd3R

Ukk- NV

kd3k

Ukk- RyV

kd3j

Ukk- RRV

kd39
Ukk- RkV

kd38
Ukk- RjV

kd3e
Ukk- R9V

kd3d
Ukk- R8V

kd33
Ukk- ReV

kd3N
Ukk- RdV

kdNy
Ukk- R3V

kdNR
Ukk- RNV

kdNk
Ukk- kyV

kdNj
Ukk- kRV

kdN9
Ukk- kkV

kdN8
Ukk- kjV

kdNeUkk- k9V
kdNdUkk- k8V

kdN3Ukk- keV
kdNNUkk- kdV

k3yyUkk- k3V k3yRUkk- kNV k3ykUkk- jyV k3yjUkk- jRV k3y9Ukk- jkV k3y8Ukk- jjV k3yeUkk- j9V k3ydUkk- j8V
k3y3Ukk- jeV

k3yN
Ukk- jdV

k3Ry
Ukk- j3V

k3RR
Ukk- jNV

k3Rk
Ukk- 9yV

k3Rj
Ukk- 9RV

k3R9
Ukk- 9kV

k3R8
Ukk- 9jV

k3Re
Ukk- 99V

k3Rd
Ukk- 98V

k3R3
Ukk- 9eV

k3RN
Ukk- 9dV

k3ky

Ukk- 93V

k3kR

Ukk- 9NV

k3kk

Ukk- 8yV

k3kj

Ukk- 8RV

k3k9

Ukk- 8kV

k3k8

Ukk- 8jV

k3ke

Ukk- 89V

k3kd

Ukk- 88V

k3k3

Ukk- 8eV

k3kN

Ukk- 8dV

k3jy

Ukk- 83V

k3jR

Ukk- 8NV

k3jk

Ukk- eyV

k3jj

Ukk- eRV

k3j9

Ukk- ekV

k3j8

Ukk- ejV

k3je

Ukk- e9V

k3jd

Ukk- e8V

k3j3

Ukk- eeV

k3jN

Ukk- edV

k39y
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k39R

Ukk- eNV

k39k
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k39j
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k39e
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k39d

Ukk- d8V

k393

Ukk- deV

k39N
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k38y
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k38R
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k38k
Ukk- 3yV

k38j
Ukk- 3RV
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Ukk- 3kV

k388
Ukk- 3jV

k38e
Ukk- 39V

k38d
Ukk- 38V

k383
Ukk- 3eV

k38N
Ukk- 3dV

k3ey
Ukk- 33V

k3eRUkk- 3NV
k3ekUkk- NyVk3ejUkk- NRVk3e9Ukk- NkVk3e8Ukk- NjVk3eeUkk- N9Vk3edUkk- N8Vk3e3Ukk- NeVk3eNUkk- NdV

k3dyUkk- N3V
k3dRUkk- NNV

k3dkUkk- RyyV
k3djUkk- RyRV

k3d9
Ukk- RykV

k3d8
Ukk- RyjV

k3de
Ukk- Ry9V

k3dd
Ukk- Ry8V

k3d3
Ukk- RyeV

k3dN
Ukk- RydV

k33y
Ukk- Ry3V

k33R
Ukk- RyNV

k33k
Ukk- RRyV

k33j
Ukk- RRRV

k339
Ukk- RRkV

k338
Ukk- RRjV

k33e

Ukk- RR9V

k33d

Ukk- RR8V
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Ukk- RReV

k33N

Ukk- RRdV

k3Ny

Ukk- RR3V

k3NR

Ukk- RRNV

k3Nk

Ukk- RkyV

k3Nj

Ukk- RkRV
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k3Nd

Ukk- Rk8V
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k3N3

Ukj- yV

k3NN

Ukj- RV

kNyy

Ukj- kV

kNyR

Ukj- jV

kNyk

Ukj- 9V

kNyj

Ukj- 8V

kNy9

Ukj- eV

kNy8

Ukj- dV

kNye

Ukj- 3V

kNyd

Ukj- NV

kNy3

Ukj- RyV

kNyN
Ukj- RRV

kNRy
Ukj- RkV

kNRR
Ukj- RjV

kNRk
Ukj- R9V

kNRj
Ukj- R8V

kNR9
Ukj- ReV

kNR8
Ukj- RdV

kNRe
Ukj- R3V

kNRd
Ukj- RNV

kNR3
Ukj- kyV

kNRN
Ukj- kRV

kNky
Ukj- kkV

kNkR
Ukj- kjV

kNkkUkj- k9V
kNkjUkj- k8V

kNk9Ukj- keV
kNk8Ukj- kdV

kNkeUkj- k3V kNkdUkj- kNV kNk3Ukj- jyV kNkNUkj- jRV kNjyUkj- jkV kNjRUkj- jjV kNjkUkj- j9V kNjjUkj- j8V
kNj9Ukj- jeV

kNj8
Ukj- jdV

kNje
Ukj- j3V

kNjd
Ukj- jNV

kNj3
Ukj- 9yV

kNjN
Ukj- 9RV

kN9y
Ukj- 9kV

kN9R
Ukj- 9jV

kN9k
Ukj- 99V

kN9j
Ukj- 98V

kN99
Ukj- 9eV

kN98
Ukj- 9dV

kN9e
Ukj- 93V

kN9d

Ukj- 9NV

kN93

Ukj- 8yV

kN9N

Ukj- 8RV

kN8y

Ukj- 8kV

kN8R

Ukj- 8jV

kN8k

Ukj- 89V

kN8j

Ukj- 88V

kN89

Ukj- 8eV

kN88

Ukj- 8dV

kN8e

Ukj- 83V

kN8d

Ukj- 8NV

kN83

Ukj- eyV

kN8N

Ukj- eRV

kNey

Ukj- ekV

kNeR

Ukj- ejV

kNek

Ukj- e9V

kNej

Ukj- e8V

kNe9

Ukj- eeV

kNe8

Ukj- edV

kNee

Ukj- e3V

kNed

Ukj- eNV

kNe3

Ukj- dyV
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Ukj- dRV

kNdy
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kNd3
Ukj- 3yV

kNdN
Ukj- 3RV

kN3y
Ukj- 3kV

kN3R
Ukj- 3jV

kN3k
Ukj- 39V

kN3j
Ukj- 38V

kN39
Ukj- 3eV

kN38
Ukj- 3dV

kN3e
Ukj- 33V

kN3dUkj- 3NV
kN33Ukj- NyVkN3NUkj- NRVkNNyUkj- NkVkNNRUkj- NjVkNNkUkj- N9VkNNjUkj- N8VkNN9Ukj- NeVkNN8Ukj- NdV

kNNeUkj- N3V
kNNdUkj- NNV

kNN3Ukj- RyyV
kNNNUkj- RyRV

jyyy
Ukj- RykV

jyyR
Ukj- RyjV

jyyk
Ukj- Ry9V

jyyj
Ukj- Ry8V

jyy9
Ukj- RyeV

jyy8
Ukj- RydV

jyye
Ukj- Ry3V

jyyd
Ukj- RyNV

jyy3
Ukj- RRyV

jyyN
Ukj- RRRV

jyRy
Ukj- RRkV

jyRR
Ukj- RRjV

jyRk
Ukj- RR9V

jyRj

Ukj- RR8V

jyR9

Ukj- RReV

jyR8

Ukj- RRdV

jyRe

Ukj- RR3V

jyRd

Ukj- RRNV

jyR3

Ukj- RkyV

jyRN

Ukj- RkRV

jyky

Ukj- RkkV

jykR

Ukj- RkjV

jykk

Ukj- Rk9V

jykj

Ukj- Rk8V
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jyk9

Uk9- yV

jyk8

Uk9- RV

jyke

Uk9- kV

jykd

Uk9- jV

jyk3

Uk9- 9V

jykN

Uk9- 8V

jyjy

Uk9- eV

jyjR

Uk9- dV

jyjk

Uk9- 3V

jyjj
Uk9- NV

jyj9
Uk9- RyV

jyj8
Uk9- RRV

jyje
Uk9- RkV

jyjd
Uk9- RjV

jyj3
Uk9- R9V

jyjN
Uk9- R8V

jy9y
Uk9- ReV

jy9R
Uk9- RdV

jy9k
Uk9- R3V

jy9j
Uk9- RNV

jy99
Uk9- kyV

jy98
Uk9- kRV

jy9e
Uk9- kkV

jy9d
Uk9- kjV

jy93Uk9- k9V
jy9NUk9- k8V

jy8yUk9- keV
jy8RUk9- kdV

jy8kUk9- k3V jy8jUk9- kNV jy89Uk9- jyV jy88Uk9- jRV jy8eUk9- jkV jy8dUk9- jjV jy83Uk9- j9V jy8NUk9- j8V
jyeyUk9- jeV

jyeRUk9- jdV
jyek

Uk9- j3V
jyej

Uk9- jNV
jye9

Uk9- 9yV

jye8
Uk9- 9RV

jyee
Uk9- 9kV

jyed
Uk9- 9jV

jye3
Uk9- 99V

jyeN
Uk9- 98V

jydy
Uk9- 9eV

jydR
Uk9- 9dV

jydk
Uk9- 93V

jydj
Uk9- 9NV

jyd9
Uk9- 8yV

jyd8

Uk9- 8RV

jyde

Uk9- 8kV

jydd

Uk9- 8jV

jyd3

Uk9- 89V

jydN

Uk9- 88V

jy3y

Uk9- 8eV

jy3R

Uk9- 8dV

jy3k

Uk9- 83V

jy3j

Uk9- 8NV

jy39

Uk9- eyV

jy38

Uk9- eRV

jy3e

Uk9- ekV

jy3d

Uk9- ejV

jy33

Uk9- e9V

jy3N

Uk9- e8V

jyNy

Uk9- eeV

jyNR

Uk9- edV

jyNk

Uk9- e3V

jyNj

Uk9- eNV

jyN9

Uk9- dyV

jyN8

Uk9- dRV

jyNe

Uk9- dkV

jyNd

Uk9- djV

jyN3

Uk9- d9V

jyNN
Uk9- d8V

jRyy
Uk9- deV

jRyR
Uk9- ddV

jRyk
Uk9- d3V

jRyj
Uk9- dNV

jRy9
Uk9- 3yV

jRy8
Uk9- 3RV

jRye
Uk9- 3kV

jRyd
Uk9- 3jV

jRy3
Uk9- 39V

jRyN
Uk9- 38V

jRRy
Uk9- 3eV

jRRR
Uk9- 3dV

jRRkUk9- 33V
jRRjUk9- 3NV

jRR9Uk9- NyVjRR8Uk9- NRVjRReUk9- NkVjRRdUk9- NjVjRR3Uk9- N9VjRRNUk9- N8VjRkyUk9- NeVjRkRUk9- NdV
jRkkUk9- N3V

jRkjUk9- NNV
jRk9Uk9- RyyV

jRk8Uk9- RyRV
jRke

Uk9- RykV

jRkd
Uk9- RyjV

jRk3
Uk9- Ry9V

jRkN
Uk9- Ry8V

jRjy
Uk9- RyeV

jRjR
Uk9- RydV

jRjk
Uk9- Ry3V

jRjj
Uk9- RyNV

jRj9
Uk9- RRyV

jRj8
Uk9- RRRV

jRje
Uk9- RRkV

jRjd
Uk9- RRjV

jRj3
Uk9- RR9V

jRjN
Uk9- RR8V

jR9y
Uk9- RReV

jR9R

Uk9- RRdV

jR9k

Uk9- RR3V

jR9j

Uk9- RRNV

jR99

Uk9- RkyV

jR98

Uk9- RkRV

jR9e

Uk9- RkkV

jR9d

Uk9- RkjV

jR93

Uk9- Rk9V

jR9N

Uk9- Rk8V
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jR8y

Uk8- yV

jR8R

Uk8- RV

jR8k

Uk8- kV

jR8j

Uk8- jV

jR89

Uk8- 9V

jR88

Uk8- 8V

jR8e
Uk8- eV

jR8d
Uk8- dV

jR83
Uk8- 3V

jR8N
Uk8- NV

jRey
Uk8- RyV

jReR
Uk8- RRV

jRek
Uk8- RkV

jRej
Uk8- RjV

jRe9
Uk8- R9V

jRe8
Uk8- R8V

jRee
Uk8- ReV

jRed
Uk8- RdV

jRe3
Uk8- R3V

jReN
Uk8- RNV

jRdy
Uk8- kyV

jRdR
Uk8- kRV

jRdk
Uk8- kkV

jRdjUk8- kjV
jRd9Uk8- k9V

jRd8Uk8- k8V
jRdeUk8- keV

jRddUk8- kdV
jRd3Uk8- k3V jRdNUk8- kNV jR3yUk8- jyV jR3RUk8- jRV jR3kUk8- jkV jR3jUk8- jjV jR39Uk8- j9V jR38Uk8- j8V

jR3eUk8- jeV
jR3dUk8- jdV

jR33
Uk8- j3V

jR3N
Uk8- jNV

jRNy
Uk8- 9yV

jRNR
Uk8- 9RV

jRNk
Uk8- 9kV

jRNj
Uk8- 9jV

jRN9
Uk8- 99V

jRN8
Uk8- 98V

jRNe
Uk8- 9eV

jRNd
Uk8- 9dV

jRN3
Uk8- 93V

jRNN
Uk8- 9NV

jkyy
Uk8- 8yV

jkyR
Uk8- 8RV

jkyk

Uk8- 8kV

jkyj

Uk8- 8jV

jky9

Uk8- 89V

jky8

Uk8- 88V

jkye

Uk8- 8eV

jkyd

Uk8- 8dV

jky3

Uk8- 83V

jkyN

Uk8- 8NV

jkRy

Uk8- eyV

jkRR

Uk8- eRV

jkRk

Uk8- ekV

jkRj

Uk8- ejV

jkR9

Uk8- e9V

jkR8

Uk8- e8V

jkRe

Uk8- eeV

jkRd

Uk8- edV

jkR3

Uk8- e3V

jkRN

Uk8- eNV

jkky

Uk8- dyV

jkkR

Uk8- dRV

jkkk

Uk8- dkV

jkkj

Uk8- djV

jkk9
Uk8- d9V

jkk8
Uk8- d8V

jkke
Uk8- deV

jkkd
Uk8- ddV

jkk3
Uk8- d3V

jkkN
Uk8- dNV

jkjy
Uk8- 3yV

jkjR
Uk8- 3RV

jkjk
Uk8- 3kV

jkjj
Uk8- 3jV

jkj9
Uk8- 39V

jkj8
Uk8- 38V

jkje
Uk8- 3eV

jkjd
Uk8- 3dV

jkj3Uk8- 33V
jkjNUk8- 3NV

jk9yUk8- NyVjk9RUk8- NRVjk9kUk8- NkVjk9jUk8- NjVjk99Uk8- N9Vjk98Uk8- N8Vjk9eUk8- NeVjk9dUk8- NdV
jk93Uk8- N3V

jk9NUk8- NNV
jk8yUk8- RyyV

jk8RUk8- RyRV
jk8kUk8- RykV

jk8j
Uk8- RyjV

jk89
Uk8- Ry9V

jk88
Uk8- Ry8V

jk8e
Uk8- RyeV

jk8d
Uk8- RydV

jk83
Uk8- Ry3V

jk8N
Uk8- RyNV

jkey
Uk8- RRyV

jkeR
Uk8- RRRV

jkek
Uk8- RRkV

jkej
Uk8- RRjV

jke9
Uk8- RR9V

jke8
Uk8- RR8V

jkee
Uk8- RReV

jked
Uk8- RRdV

jke3
Uk8- RR3V

jkeN
Uk8- RRNV

jkdy

Uk8- RkyV

jkdR

Uk8- RkRV

jkdk

Uk8- RkkV

jkdj

Uk8- RkjV

jkd9

Uk8- Rk9V

jkd8

Uk8- Rk8V
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jkde
Uke- yV

jkdd
Uke- RV

jkd3
Uke- kV

jkdN
Uke- jV

jk3y
Uke- 9V

jk3R
Uke- 8V

jk3k
Uke- eV

jk3j
Uke- dV

jk39
Uke- 3V

jk38
Uke- NV

jk3e
Uke- RyV

jk3d
Uke- RRV

jk33
Uke- RkV

jk3N
Uke- RjV

jkNy
Uke- R9V

jkNR
Uke- R8V

jkNk
Uke- ReV

jkNj
Uke- RdV

jkN9
Uke- R3V

jkN8
Uke- RNV

jkNe
Uke- kyV

jkNd
Uke- kRV

jkN3
Uke- kkV

jkNNUke- kjV
jjyyUke- k9V

jjyRUke- k8V
jjykUke- keV

jjyjUke- kdV
jjy9Uke- k3V jjy8Uke- kNV jjyeUke- jyV jjydUke- jRV jjy3Uke- jkV jjyNUke- jjV jjRyUke- j9V jjRRUke- j8V

jjRkUke- jeV
jjRjUke- jdV

jjR9
Uke- j3V

jjR8
Uke- jNV

jjRe
Uke- 9yV

jjRd
Uke- 9RV

jjR3
Uke- 9kV

jjRN
Uke- 9jV

jjky
Uke- 99V

jjkR
Uke- 98V

jjkk
Uke- 9eV

jjkj
Uke- 9dV

jjk9
Uke- 93V

jjk8
Uke- 9NV

jjke
Uke- 8yV

jjkd
Uke- 8RV

jjk3
Uke- 8kV

jjkN
Uke- 8jV

jjjy

Uke- 89V

jjjR

Uke- 88V

jjjk

Uke- 8eV

jjjj

Uke- 8dV

jjj9

Uke- 83V

jjj8

Uke- 8NV

jjje

Uke- eyV

jjjd

Uke- eRV

jjj3

Uke- ekV

jjjN

Uke- ejV

jj9y

Uke- e9V

jj9R

Uke- e8V

jj9k

Uke- eeV

jj9j

Uke- edV

jj99

Uke- e3V

jj98

Uke- eNV

jj9e

Uke- dyV

jj9d

Uke- dRV

jj93
Uke- dkV

jj9N
Uke- djV

jj8y
Uke- d9V

jj8R
Uke- d8V

jj8k
Uke- deV

jj8j
Uke- ddV

jj89
Uke- d3V

jj88
Uke- dNV

jj8e
Uke- 3yV

jj8d
Uke- 3RV

jj83
Uke- 3kV

jj8N
Uke- 3jV

jjey
Uke- 39V

jjeR
Uke- 38V

jjek
Uke- 3eV

jjej
Uke- 3dV

jje9Uke- 33V
jje8Uke- 3NV

jjeeUke- NyVjjedUke- NRVjje3Uke- NkVjjeNUke- NjVjjdyUke- N9VjjdRUke- N8VjjdkUke- NeVjjdjUke- NdV
jjd9Uke- N3V

jjd8Uke- NNV
jjdeUke- RyyV

jjddUke- RyRV
jjd3Uke- RykV

jjdN
Uke- RyjV

jj3y
Uke- Ry9V

jj3R
Uke- Ry8V

jj3k
Uke- RyeV

jj3j
Uke- RydV

jj39
Uke- Ry3V

jj38
Uke- RyNV

jj3e
Uke- RRyV

jj3d
Uke- RRRV

jj33
Uke- RRkV

jj3N
Uke- RRjV

jjNy
Uke- RR9V

jjNR
Uke- RR8V

jjNk
Uke- RReV

jjNj
Uke- RRdV

jjN9
Uke- RR3V

jjN8
Uke- RRNV

jjNe
Uke- RkyV

jjNd
Uke- RkRV

jjN3
Uke- RkkV

jjNN
Uke- RkjV

j9yy
Uke- Rk9V

j9yR
Uke- Rk8V
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j9yk
Ukd- yV

j9yj
Ukd- RV

j9y9
Ukd- kV

j9y8
Ukd- jV

j9ye
Ukd- 9V

j9yd
Ukd- 8V

j9y3
Ukd- eV

j9yN
Ukd- dV

j9Ry
Ukd- 3V

j9RR
Ukd- NV

j9Rk
Ukd- RyV

j9Rj
Ukd- RRV

j9R9
Ukd- RkV

j9R8
Ukd- RjV

j9Re
Ukd- R9V

j9Rd
Ukd- R8V

j9R3
Ukd- ReV

j9RN
Ukd- RdV

j9ky
Ukd- R3V

j9kR
Ukd- RNV

j9kk
Ukd- kyV

j9kj
Ukd- kRV

j9k9Ukd- kkV
j9k8Ukd- kjV

j9keUkd- k9V
j9kdUkd- k8V

j9k3Ukd- keV
j9kNUkd- kdV j9jyUkd- k3V j9jRUkd- kNV j9jkUkd- jyV j9jjUkd- jRV j9j9Ukd- jkV j9j8Ukd- jjV j9jeUkd- j9V j9jdUkd- j8V j9j3Ukd- jeV

j9jNUkd- jdV
j99yUkd- j3V

j99R
Ukd- jNV

j99k
Ukd- 9yV

j99j
Ukd- 9RV

j999
Ukd- 9kV

j998
Ukd- 9jV

j99e
Ukd- 99V

j99d
Ukd- 98V

j993
Ukd- 9eV

j99N
Ukd- 9dV

j98y
Ukd- 93V

j98R
Ukd- 9NV

j98k
Ukd- 8yV

j98j
Ukd- 8RV

j989
Ukd- 8kV

j988
Ukd- 8jV

j98e
Ukd- 89V

j98d
Ukd- 88V

j983
Ukd- 8eV

j98N

Ukd- 8dV

j9ey

Ukd- 83V

j9eR

Ukd- 8NV

j9ek

Ukd- eyV

j9ej

Ukd- eRV

j9e9

Ukd- ekV

j9e8

Ukd- ejV

j9ee

Ukd- e9V

j9ed

Ukd- e8V

j9e3

Ukd- eeV

j9eN

Ukd- edV

j9dy

Ukd- e3V

j9dR
Ukd- eNV

j9dk
Ukd- dyV

j9dj
Ukd- dRV

j9d9
Ukd- dkV

j9d8
Ukd- djV

j9de
Ukd- d9V

j9dd
Ukd- d8V

j9d3
Ukd- deV

j9dN
Ukd- ddV

j93y
Ukd- d3V

j93R
Ukd- dNV

j93k
Ukd- 3yV

j93j
Ukd- 3RV

j939
Ukd- 3kV

j938
Ukd- 3jV

j93e
Ukd- 39V

j93d
Ukd- 38V

j933
Ukd- 3eV

j93NUkd- 3dV
j9NyUkd- 33V

j9NRUkd- 3NVj9NkUkd- NyVj9NjUkd- NRVj9N9Ukd- NkVj9N8Ukd- NjVj9NeUkd- N9Vj9NdUkd- N8Vj9N3Ukd- NeVj9NNUkd- NdVj8yyUkd- N3V
j8yRUkd- NNV

j8ykUkd- RyyV
j8yjUkd- RyRV

j8y9Ukd- RykV
j8y8Ukd- RyjV

j8ye
Ukd- Ry9V

j8yd
Ukd- Ry8V

j8y3
Ukd- RyeV

j8yN
Ukd- RydV

j8Ry
Ukd- Ry3V

j8RR
Ukd- RyNV

j8Rk
Ukd- RRyV

j8Rj
Ukd- RRRV

j8R9
Ukd- RRkV

j8R8
Ukd- RRjV

j8Re
Ukd- RR9V

j8Rd
Ukd- RR8V

j8R3
Ukd- RReV

j8RN
Ukd- RRdV

j8ky
Ukd- RR3V

j8kR
Ukd- RRNV

j8kk
Ukd- RkyV

j8kj
Ukd- RkRV

j8k9
Ukd- RkkV

j8k8
Ukd- RkjV

j8ke
Ukd- Rk9V

j8kd
Ukd- Rk8V
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j8k3
Uk3- yV

j8kN
Uk3- RV

j8jy
Uk3- kV

j8jR
Uk3- jV

j8jk
Uk3- 9V

j8jj
Uk3- 8V

j8j9
Uk3- eV

j8j8
Uk3- dV

j8je
Uk3- 3V

j8jd
Uk3- NV

j8j3
Uk3- RyV

j8jN
Uk3- RRV

j89y
Uk3- RkV

j89R
Uk3- RjV

j89k
Uk3- R9V

j89j
Uk3- R8V

j899
Uk3- ReV

j898
Uk3- RdV

j89e
Uk3- R3V

j89d
Uk3- RNV

j893
Uk3- kyV

j89N
Uk3- kRV

j88yUk3- kkV
j88RUk3- kjV

j88kUk3- k9V
j88jUk3- k8V

j889Uk3- keV
j888Uk3- kdV j88eUk3- k3V j88dUk3- kNV j883Uk3- jyV j88NUk3- jRV j8eyUk3- jkV j8eRUk3- jjV j8ekUk3- j9V j8ejUk3- j8V j8e9Uk3- jeV

j8e8Uk3- jdV
j8eeUk3- j3V

j8ed
Uk3- jNV

j8e3
Uk3- 9yV

j8eN
Uk3- 9RV

j8dy
Uk3- 9kV

j8dR
Uk3- 9jV

j8dk
Uk3- 99V

j8dj
Uk3- 98V

j8d9
Uk3- 9eV

j8d8
Uk3- 9dV

j8de
Uk3- 93V

j8dd
Uk3- 9NV

j8d3
Uk3- 8yV

j8dN
Uk3- 8RV

j83y
Uk3- 8kV

j83R
Uk3- 8jV

j83k
Uk3- 89V

j83j
Uk3- 88V

j839
Uk3- 8eV

j838
Uk3- 8dV

j83e
Uk3- 83V

j83d
Uk3- 8NV

j833
Uk3- eyV

j83N
Uk3- eRV

j8Ny
Uk3- ekV

j8NR
Uk3- ejV

j8Nk
Uk3- e9V

j8Nj
Uk3- e8V

j8N9
Uk3- eeV

j8N8
Uk3- edV

j8Ne
Uk3- e3V

j8Nd
Uk3- eNV

j8N3
Uk3- dyV

j8NN
Uk3- dRV

jeyy
Uk3- dkV

jeyR
Uk3- djV

jeyk
Uk3- d9V

jeyj
Uk3- d8V

jey9
Uk3- deV

jey8
Uk3- ddV

jeye
Uk3- d3V

jeyd
Uk3- dNV

jey3
Uk3- 3yV

jeyN
Uk3- 3RV

jeRy
Uk3- 3kV

jeRR
Uk3- 3jV

jeRk
Uk3- 39V

jeRj
Uk3- 38V

jeR9
Uk3- 3eV

jeR8Uk3- 3dV
jeReUk3- 33V

jeRdUk3- 3NVjeR3Uk3- NyVjeRNUk3- NRVjekyUk3- NkVjekRUk3- NjVjekkUk3- N9VjekjUk3- N8Vjek9Uk3- NeVjek8Uk3- NdVjekeUk3- N3V
jekdUk3- NNV

jek3Uk3- RyyV
jekNUk3- RyRV

jejyUk3- RykV
jejRUk3- RyjV

jejk
Uk3- Ry9V

jejj
Uk3- Ry8V

jej9
Uk3- RyeV

jej8
Uk3- RydV

jeje
Uk3- Ry3V

jejd
Uk3- RyNV

jej3
Uk3- RRyV

jejN
Uk3- RRRV

je9y
Uk3- RRkV

je9R
Uk3- RRjV

je9k
Uk3- RR9V

je9j
Uk3- RR8V

je99
Uk3- RReV

je98
Uk3- RRdV

je9e
Uk3- RR3V

je9d
Uk3- RRNV

je93
Uk3- RkyV

je9N
Uk3- RkRV

je8y
Uk3- RkkV

je8R
Uk3- RkjV

je8k
Uk3- Rk9V

je8j
Uk3- Rk8V
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je89
UkN- yV

je88
UkN- RV

je8e
UkN- kV

je8d
UkN- jV

je83
UkN- 9V

je8N
UkN- 8V

jeey
UkN- eV

jeeR
UkN- dV

jeek
UkN- 3V

jeej
UkN- NV

jee9
UkN- RyV

jee8
UkN- RRV

jeee
UkN- RkV

jeed
UkN- RjV

jee3
UkN- R9V

jeeN
UkN- R8V

jedy
UkN- ReV

jedR
UkN- RdV

jedk
UkN- R3V

jedj
UkN- RNV

jed9
UkN- kyV

jed8UkN- kRV
jedeUkN- kkV

jeddUkN- kjV
jed3UkN- k9V

jedNUkN- k8V
je3yUkN- keV

je3RUkN- kdV je3kUkN- k3V je3jUkN- kNV je39UkN- jyV je38UkN- jRV je3eUkN- jkV je3dUkN- jjV je33UkN- j9V je3NUkN- j8V jeNyUkN- jeV
jeNRUkN- jdV

jeNkUkN- j3V
jeNj

UkN- jNV
jeN9

UkN- 9yV
jeN8

UkN- 9RV
jeNe

UkN- 9kV
jeNd

UkN- 9jV
jeN3

UkN- 99V

jeNN
UkN- 98V

jdyy
UkN- 9eV

jdyR
UkN- 9dV
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(c) Layout of a layer(38) with silicon
and scintillator sensors
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(a) Low density Silicon sensors
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(b) High density Silicon sensors
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Uk9- RRdV

jR9k

Uk9- RR3V

jR9j

Uk9- RRNV

jR99

Uk9- RkyV

jR98

Uk9- RkRV

jR9e

Uk9- RkkV

jR9d

Uk9- RkjV

jR93

Uk9- Rk9V

jR9N

Uk9- Rk8V
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jR8y

Uk8- yV

jR8R

Uk8- RV

jR8k

Uk8- kV

jR8j

Uk8- jV

jR89

Uk8- 9V

jR88

Uk8- 8V

jR8e
Uk8- eV

jR8d
Uk8- dV

jR83
Uk8- 3V

jR8N
Uk8- NV

jRey
Uk8- RyV

jReR
Uk8- RRV

jRek
Uk8- RkV

jRej
Uk8- RjV

jRe9
Uk8- R9V

jRe8
Uk8- R8V

jRee
Uk8- ReV

jRed
Uk8- RdV

jRe3
Uk8- R3V

jReN
Uk8- RNV

jRdy
Uk8- kyV

jRdR
Uk8- kRV

jRdk
Uk8- kkV

jRdjUk8- kjV
jRd9Uk8- k9V

jRd8Uk8- k8V
jRdeUk8- keV

jRddUk8- kdV
jRd3Uk8- k3V jRdNUk8- kNV jR3yUk8- jyV jR3RUk8- jRV jR3kUk8- jkV jR3jUk8- jjV jR39Uk8- j9V jR38Uk8- j8V

jR3eUk8- jeV
jR3dUk8- jdV

jR33
Uk8- j3V

jR3N
Uk8- jNV

jRNy
Uk8- 9yV

jRNR
Uk8- 9RV

jRNk
Uk8- 9kV

jRNj
Uk8- 9jV

jRN9
Uk8- 99V

jRN8
Uk8- 98V

jRNe
Uk8- 9eV

jRNd
Uk8- 9dV

jRN3
Uk8- 93V

jRNN
Uk8- 9NV

jkyy
Uk8- 8yV

jkyR
Uk8- 8RV

jkyk

Uk8- 8kV

jkyj

Uk8- 8jV

jky9

Uk8- 89V

jky8

Uk8- 88V

jkye

Uk8- 8eV

jkyd

Uk8- 8dV

jky3

Uk8- 83V

jkyN

Uk8- 8NV

jkRy

Uk8- eyV

jkRR

Uk8- eRV

jkRk

Uk8- ekV

jkRj

Uk8- ejV

jkR9

Uk8- e9V

jkR8

Uk8- e8V

jkRe

Uk8- eeV

jkRd

Uk8- edV

jkR3

Uk8- e3V

jkRN

Uk8- eNV

jkky

Uk8- dyV

jkkR

Uk8- dRV

jkkk

Uk8- dkV

jkkj

Uk8- djV

jkk9
Uk8- d9V

jkk8
Uk8- d8V

jkke
Uk8- deV

jkkd
Uk8- ddV

jkk3
Uk8- d3V

jkkN
Uk8- dNV

jkjy
Uk8- 3yV

jkjR
Uk8- 3RV

jkjk
Uk8- 3kV

jkjj
Uk8- 3jV

jkj9
Uk8- 39V

jkj8
Uk8- 38V

jkje
Uk8- 3eV

jkjd
Uk8- 3dV

jkj3Uk8- 33V
jkjNUk8- 3NV

jk9yUk8- NyVjk9RUk8- NRVjk9kUk8- NkVjk9jUk8- NjVjk99Uk8- N9Vjk98Uk8- N8Vjk9eUk8- NeVjk9dUk8- NdV
jk93Uk8- N3V

jk9NUk8- NNV
jk8yUk8- RyyV

jk8RUk8- RyRV
jk8kUk8- RykV

jk8j
Uk8- RyjV

jk89
Uk8- Ry9V

jk88
Uk8- Ry8V

jk8e
Uk8- RyeV

jk8d
Uk8- RydV

jk83
Uk8- Ry3V

jk8N
Uk8- RyNV

jkey
Uk8- RRyV

jkeR
Uk8- RRRV

jkek
Uk8- RRkV

jkej
Uk8- RRjV

jke9
Uk8- RR9V

jke8
Uk8- RR8V

jkee
Uk8- RReV

jked
Uk8- RRdV

jke3
Uk8- RR3V

jkeN
Uk8- RRNV

jkdy

Uk8- RkyV

jkdR

Uk8- RkRV

jkdk

Uk8- RkkV

jkdj

Uk8- RkjV

jkd9

Uk8- Rk9V

jkd8

Uk8- Rk8V
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jkde
Uke- yV

jkdd
Uke- RV

jkd3
Uke- kV

jkdN
Uke- jV

jk3y
Uke- 9V

jk3R
Uke- 8V

jk3k
Uke- eV

jk3j
Uke- dV

jk39
Uke- 3V

jk38
Uke- NV

jk3e
Uke- RyV

jk3d
Uke- RRV

jk33
Uke- RkV

jk3N
Uke- RjV

jkNy
Uke- R9V

jkNR
Uke- R8V

jkNk
Uke- ReV

jkNj
Uke- RdV

jkN9
Uke- R3V

jkN8
Uke- RNV

jkNe
Uke- kyV

jkNd
Uke- kRV

jkN3
Uke- kkV

jkNNUke- kjV
jjyyUke- k9V

jjyRUke- k8V
jjykUke- keV

jjyjUke- kdV
jjy9Uke- k3V jjy8Uke- kNV jjyeUke- jyV jjydUke- jRV jjy3Uke- jkV jjyNUke- jjV jjRyUke- j9V jjRRUke- j8V

jjRkUke- jeV
jjRjUke- jdV

jjR9
Uke- j3V

jjR8
Uke- jNV

jjRe
Uke- 9yV

jjRd
Uke- 9RV

jjR3
Uke- 9kV

jjRN
Uke- 9jV

jjky
Uke- 99V

jjkR
Uke- 98V

jjkk
Uke- 9eV

jjkj
Uke- 9dV

jjk9
Uke- 93V

jjk8
Uke- 9NV

jjke
Uke- 8yV

jjkd
Uke- 8RV

jjk3
Uke- 8kV

jjkN
Uke- 8jV

jjjy

Uke- 89V

jjjR

Uke- 88V

jjjk

Uke- 8eV

jjjj

Uke- 8dV

jjj9

Uke- 83V

jjj8

Uke- 8NV

jjje

Uke- eyV

jjjd

Uke- eRV

jjj3

Uke- ekV

jjjN

Uke- ejV

jj9y

Uke- e9V

jj9R

Uke- e8V

jj9k

Uke- eeV

jj9j

Uke- edV

jj99

Uke- e3V

jj98

Uke- eNV

jj9e

Uke- dyV

jj9d

Uke- dRV

jj93
Uke- dkV

jj9N
Uke- djV

jj8y
Uke- d9V

jj8R
Uke- d8V

jj8k
Uke- deV

jj8j
Uke- ddV

jj89
Uke- d3V

jj88
Uke- dNV

jj8e
Uke- 3yV

jj8d
Uke- 3RV

jj83
Uke- 3kV

jj8N
Uke- 3jV

jjey
Uke- 39V

jjeR
Uke- 38V

jjek
Uke- 3eV

jjej
Uke- 3dV

jje9Uke- 33V
jje8Uke- 3NV

jjeeUke- NyVjjedUke- NRVjje3Uke- NkVjjeNUke- NjVjjdyUke- N9VjjdRUke- N8VjjdkUke- NeVjjdjUke- NdV
jjd9Uke- N3V

jjd8Uke- NNV
jjdeUke- RyyV

jjddUke- RyRV
jjd3Uke- RykV

jjdN
Uke- RyjV

jj3y
Uke- Ry9V

jj3R
Uke- Ry8V

jj3k
Uke- RyeV

jj3j
Uke- RydV

jj39
Uke- Ry3V

jj38
Uke- RyNV

jj3e
Uke- RRyV

jj3d
Uke- RRRV

jj33
Uke- RRkV

jj3N
Uke- RRjV

jjNy
Uke- RR9V

jjNR
Uke- RR8V

jjNk
Uke- RReV

jjNj
Uke- RRdV

jjN9
Uke- RR3V

jjN8
Uke- RRNV

jjNe
Uke- RkyV

jjNd
Uke- RkRV

jjN3
Uke- RkkV

jjNN
Uke- RkjV

j9yy
Uke- Rk9V

j9yR
Uke- Rk8V
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j9yk
Ukd- yV

j9yj
Ukd- RV

j9y9
Ukd- kV

j9y8
Ukd- jV

j9ye
Ukd- 9V

j9yd
Ukd- 8V

j9y3
Ukd- eV

j9yN
Ukd- dV

j9Ry
Ukd- 3V

j9RR
Ukd- NV

j9Rk
Ukd- RyV

j9Rj
Ukd- RRV

j9R9
Ukd- RkV

j9R8
Ukd- RjV

j9Re
Ukd- R9V

j9Rd
Ukd- R8V

j9R3
Ukd- ReV

j9RN
Ukd- RdV

j9ky
Ukd- R3V

j9kR
Ukd- RNV

j9kk
Ukd- kyV

j9kj
Ukd- kRV

j9k9Ukd- kkV
j9k8Ukd- kjV

j9keUkd- k9V
j9kdUkd- k8V

j9k3Ukd- keV
j9kNUkd- kdV j9jyUkd- k3V j9jRUkd- kNV j9jkUkd- jyV j9jjUkd- jRV j9j9Ukd- jkV j9j8Ukd- jjV j9jeUkd- j9V j9jdUkd- j8V j9j3Ukd- jeV

j9jNUkd- jdV
j99yUkd- j3V

j99R
Ukd- jNV

j99k
Ukd- 9yV

j99j
Ukd- 9RV

j999
Ukd- 9kV

j998
Ukd- 9jV

j99e
Ukd- 99V

j99d
Ukd- 98V

j993
Ukd- 9eV

j99N
Ukd- 9dV

j98y
Ukd- 93V

j98R
Ukd- 9NV

j98k
Ukd- 8yV

j98j
Ukd- 8RV

j989
Ukd- 8kV

j988
Ukd- 8jV

j98e
Ukd- 89V

j98d
Ukd- 88V

j983
Ukd- 8eV

j98N

Ukd- 8dV

j9ey

Ukd- 83V

j9eR

Ukd- 8NV

j9ek

Ukd- eyV

j9ej

Ukd- eRV

j9e9

Ukd- ekV

j9e8

Ukd- ejV

j9ee

Ukd- e9V

j9ed

Ukd- e8V

j9e3

Ukd- eeV

j9eN

Ukd- edV

j9dy

Ukd- e3V

j9dR
Ukd- eNV

j9dk
Ukd- dyV

j9dj
Ukd- dRV

j9d9
Ukd- dkV

j9d8
Ukd- djV

j9de
Ukd- d9V

j9dd
Ukd- d8V

j9d3
Ukd- deV

j9dN
Ukd- ddV

j93y
Ukd- d3V

j93R
Ukd- dNV

j93k
Ukd- 3yV

j93j
Ukd- 3RV

j939
Ukd- 3kV

j938
Ukd- 3jV

j93e
Ukd- 39V

j93d
Ukd- 38V

j933
Ukd- 3eV

j93NUkd- 3dV
j9NyUkd- 33V

j9NRUkd- 3NVj9NkUkd- NyVj9NjUkd- NRVj9N9Ukd- NkVj9N8Ukd- NjVj9NeUkd- N9Vj9NdUkd- N8Vj9N3Ukd- NeVj9NNUkd- NdVj8yyUkd- N3V
j8yRUkd- NNV

j8ykUkd- RyyV
j8yjUkd- RyRV

j8y9Ukd- RykV
j8y8Ukd- RyjV

j8ye
Ukd- Ry9V

j8yd
Ukd- Ry8V

j8y3
Ukd- RyeV

j8yN
Ukd- RydV

j8Ry
Ukd- Ry3V

j8RR
Ukd- RyNV

j8Rk
Ukd- RRyV

j8Rj
Ukd- RRRV

j8R9
Ukd- RRkV

j8R8
Ukd- RRjV

j8Re
Ukd- RR9V

j8Rd
Ukd- RR8V

j8R3
Ukd- RReV

j8RN
Ukd- RRdV

j8ky
Ukd- RR3V

j8kR
Ukd- RRNV

j8kk
Ukd- RkyV

j8kj
Ukd- RkRV

j8k9
Ukd- RkkV

j8k8
Ukd- RkjV

j8ke
Ukd- Rk9V

j8kd
Ukd- Rk8V
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j8k3
Uk3- yV

j8kN
Uk3- RV

j8jy
Uk3- kV

j8jR
Uk3- jV

j8jk
Uk3- 9V

j8jj
Uk3- 8V

j8j9
Uk3- eV

j8j8
Uk3- dV

j8je
Uk3- 3V

j8jd
Uk3- NV

j8j3
Uk3- RyV

j8jN
Uk3- RRV

j89y
Uk3- RkV

j89R
Uk3- RjV

j89k
Uk3- R9V

j89j
Uk3- R8V

j899
Uk3- ReV

j898
Uk3- RdV

j89e
Uk3- R3V

j89d
Uk3- RNV

j893
Uk3- kyV

j89N
Uk3- kRV

j88yUk3- kkV
j88RUk3- kjV

j88kUk3- k9V
j88jUk3- k8V

j889Uk3- keV
j888Uk3- kdV j88eUk3- k3V j88dUk3- kNV j883Uk3- jyV j88NUk3- jRV j8eyUk3- jkV j8eRUk3- jjV j8ekUk3- j9V j8ejUk3- j8V j8e9Uk3- jeV

j8e8Uk3- jdV
j8eeUk3- j3V

j8ed
Uk3- jNV

j8e3
Uk3- 9yV

j8eN
Uk3- 9RV

j8dy
Uk3- 9kV

j8dR
Uk3- 9jV

j8dk
Uk3- 99V

j8dj
Uk3- 98V

j8d9
Uk3- 9eV

j8d8
Uk3- 9dV

j8de
Uk3- 93V

j8dd
Uk3- 9NV

j8d3
Uk3- 8yV

j8dN
Uk3- 8RV

j83y
Uk3- 8kV

j83R
Uk3- 8jV

j83k
Uk3- 89V

j83j
Uk3- 88V

j839
Uk3- 8eV

j838
Uk3- 8dV

j83e
Uk3- 83V

j83d
Uk3- 8NV

j833
Uk3- eyV

j83N
Uk3- eRV

j8Ny
Uk3- ekV

j8NR
Uk3- ejV

j8Nk
Uk3- e9V

j8Nj
Uk3- e8V

j8N9
Uk3- eeV

j8N8
Uk3- edV

j8Ne
Uk3- e3V

j8Nd
Uk3- eNV

j8N3
Uk3- dyV

j8NN
Uk3- dRV

jeyy
Uk3- dkV

jeyR
Uk3- djV

jeyk
Uk3- d9V

jeyj
Uk3- d8V

jey9
Uk3- deV

jey8
Uk3- ddV

jeye
Uk3- d3V

jeyd
Uk3- dNV

jey3
Uk3- 3yV

jeyN
Uk3- 3RV

jeRy
Uk3- 3kV

jeRR
Uk3- 3jV

jeRk
Uk3- 39V

jeRj
Uk3- 38V

jeR9
Uk3- 3eV

jeR8Uk3- 3dV
jeReUk3- 33V

jeRdUk3- 3NVjeR3Uk3- NyVjeRNUk3- NRVjekyUk3- NkVjekRUk3- NjVjekkUk3- N9VjekjUk3- N8Vjek9Uk3- NeVjek8Uk3- NdVjekeUk3- N3V
jekdUk3- NNV

jek3Uk3- RyyV
jekNUk3- RyRV

jejyUk3- RykV
jejRUk3- RyjV

jejk
Uk3- Ry9V

jejj
Uk3- Ry8V

jej9
Uk3- RyeV

jej8
Uk3- RydV

jeje
Uk3- Ry3V

jejd
Uk3- RyNV

jej3
Uk3- RRyV

jejN
Uk3- RRRV

je9y
Uk3- RRkV

je9R
Uk3- RRjV

je9k
Uk3- RR9V

je9j
Uk3- RR8V

je99
Uk3- RReV

je98
Uk3- RRdV

je9e
Uk3- RR3V

je9d
Uk3- RRNV

je93
Uk3- RkyV

je9N
Uk3- RkRV

je8y
Uk3- RkkV

je8R
Uk3- RkjV

je8k
Uk3- Rk9V

je8j
Uk3- Rk8V
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je89
UkN- yV

je88
UkN- RV

je8e
UkN- kV

je8d
UkN- jV

je83
UkN- 9V

je8N
UkN- 8V

jeey
UkN- eV

jeeR
UkN- dV

jeek
UkN- 3V

jeej
UkN- NV

jee9
UkN- RyV

jee8
UkN- RRV

jeee
UkN- RkV

jeed
UkN- RjV

jee3
UkN- R9V

jeeN
UkN- R8V

jedy
UkN- ReV

jedR
UkN- RdV

jedk
UkN- R3V

jedj
UkN- RNV

jed9
UkN- kyV

jed8UkN- kRV
jedeUkN- kkV

jeddUkN- kjV
jed3UkN- k9V

jedNUkN- k8V
je3yUkN- keV

je3RUkN- kdV je3kUkN- k3V je3jUkN- kNV je39UkN- jyV je38UkN- jRV je3eUkN- jkV je3dUkN- jjV je33UkN- j9V je3NUkN- j8V jeNyUkN- jeV
jeNRUkN- jdV

jeNkUkN- j3V
jeNj

UkN- jNV
jeN9

UkN- 9yV
jeN8

UkN- 9RV
jeNe

UkN- 9kV
jeNd

UkN- 9jV
jeN3

UkN- 99V

jeNN
UkN- 98V

jdyy
UkN- 9eV

jdyR
UkN- 9dV

jdyk
UkN- 93V

jdyj
UkN- 9NV

jdy9
UkN- 8yV

jdy8
UkN- 8RV

jdye
UkN- 8kV

jdyd
UkN- 8jV

jdy3
UkN- 89V

jdyN
UkN- 88V

jdRy
UkN- 8eV

jdRR
UkN- 8dV

jdRk
UkN- 83V

jdRj
UkN- 8NV

jdR9
UkN- eyV

jdR8
UkN- eRV

jdRe
UkN- ekV

jdRd
UkN- ejV

jdR3
UkN- e9V

jdRN
UkN- e8V

jdky
UkN- eeV

jdkR
UkN- edV

jdkk
UkN- e3V

jdkj
UkN- eNV

jdk9
UkN- dyV

jdk8
UkN- dRV

jdke
UkN- dkV

jdkd
UkN- djV

jdk3
UkN- d9V

jdkN
UkN- d8V

jdjy
UkN- deV

jdjR
UkN- ddV

jdjk
UkN- d3V

jdjj
UkN- dNV

jdj9
UkN- 3yV

jdj8
UkN- 3RV

jdje
UkN- 3kV

jdjd
UkN- 3jV

jdj3
UkN- 39V

jdjN
UkN- 38V

jd9y
UkN- 3eV

jd9RUkN- 3dV
jd9kUkN- 33V

jd9jUkN- 3NVjd99UkN- NyVjd98UkN- NRVjd9eUkN- NkVjd9dUkN- NjVjd93UkN- N9Vjd9NUkN- N8Vjd8yUkN- NeVjd8RUkN- NdVjd8kUkN- N3V
jd8jUkN- NNV

jd89UkN- RyyV
jd88UkN- RyRV

jd8eUkN- RykV
jd8dUkN- RyjV

jd83UkN- Ry9V
jd8N

UkN- Ry8V

jdey
UkN- RyeV

jdeR
UkN- RydV

jdek
UkN- Ry3V

jdej
UkN- RyNV

jde9
UkN- RRyV

jde8
UkN- RRRV

jdee
UkN- RRkV

jded
UkN- RRjV

jde3
UkN- RR9V

jdeN
UkN- RR8V

jddy
UkN- RReV

jddR
UkN- RRdV

jddk
UkN- RR3V

jddj
UkN- RRNV

jdd9
UkN- RkyV

jdd8
UkN- RkRV

jdde
UkN- RkkV

jddd
UkN- RkjV

jdd3
UkN- Rk9V

jddN
UkN- Rk8V
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jd3y
Ujy- yV

jd3R
Ujy- RV

jd3k
Ujy- kV

jd3j
Ujy- jV

jd39
Ujy- 9V

jd38
Ujy- 8V

jd3e
Ujy- eV

jd3d
Ujy- dV

jd33
Ujy- 3V

jd3N
Ujy- NV

jdNy
Ujy- RyV

jdNR
Ujy- RRV

jdNk
Ujy- RkV

jdNj
Ujy- RjV

jdN9
Ujy- R9V

jdN8
Ujy- R8V

jdNe
Ujy- ReV

jdNd
Ujy- RdV

jdN3
Ujy- R3V

jdNN
Ujy- RNV

j3yyUjy- kyV
j3yRUjy- kRV

j3ykUjy- kkV
j3yjUjy- kjV

j3y9Ujy- k9V
j3y8Ujy- k8V

j3yeUjy- keV
j3ydUjy- kdV j3y3Ujy- k3V j3yNUjy- kNV j3RyUjy- jyV j3RRUjy- jRV j3RkUjy- jkV j3RjUjy- jjV j3R9Ujy- j9V j3R8Ujy- j8Vj3ReUjy- jeV

j3RdUjy- jdV
j3R3Ujy- j3V

j3RNUjy- jNV
j3ky

Ujy- 9yV
j3kR

Ujy- 9RV
j3kk

Ujy- 9kV
j3kj
Ujy- 9jV

j3k9
Ujy- 99V

j3k8
Ujy- 98V

j3ke
Ujy- 9eV

j3kd
Ujy- 9dV

j3k3
Ujy- 93V

j3kN
Ujy- 9NV

j3jy
Ujy- 8yV

j3jR
Ujy- 8RV

j3jk
Ujy- 8kV

j3jj
Ujy- 8jV
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(c) Layout of a layer(38) with silicon
and scintillator sensors
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>HGCAL is effectively an “imaging” 
calorimeter 
!Precise energy and time measurement of particle 
showers in a fine 3D spatial grid 
!Need to measure objects from MIP to TeV-particle 

>Different reconstruction approaches being 
pursued: 
!Iterative clustering 
!Machine-learning all-in-one 
!Both challenging due to the high amount of pileup, 
resulting combinatorics and constrained computing 
budget 

>HGCAL will also contribute to the L1 trigger 
!Huge data rate needs to be reduced from ~300 TB/s to 
about 4 TB/s within microseconds while performing 3D 
clustering

9

Event reconstruction and triggering

high pT jet 
O(500 GeV)

Tracks and clusters clearly 
MHIRXM½EFPI�Fy eye throughout 

most of detector. 

the longitudinal shower footprint

tra
cks

calorimeter clusters



HGCAL Reconstruction

CLUstering of Energy (CLUE)
q Collect RecHits in the same layer
q Based on cell “energy density”

§ More significant indication of 
something we want to cluster

q Linear scalability
q Easy parallelization

§ Amenable to porting to GPU

The Iterative Clustering (TICL)
q Link different layers

via “tracksters”
q Cellular automaton

pattern recognition
q Iteration-based
q Current iterations:

§ TRK-EM, EM, TRK-HAD, HAD
23



HGCAL Performance
Electromagnetic showers

q Comparatively simple
q Full e/gamma reconstruction with bremsstrahlung in progress

Hadronic showers
q More complicated substructure
q Initial approach: a single trackster for the whole shower

24

&MFDUSPOT BOE QIPUPOT
• TICL has been tested on FMFDUSPNBHOFUJD showers
• Preliminary results are extremely encouraging
• A full blown FMFDUSPO SFDPOTUSVDUJPO with CSFNTTUSBIMVOH recovery being
worked out by EGAMMA POG using TICL tracksters.
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• Preliminary results are extremely encouraging
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)BESPOJD JUFSBUJPO

• Unlike em showers, hadronic
showers vary in shape, they often
resemble a branching tree of blobs
or sub-clusters

• Testing an approach which attempts
to collect the whole structure as a
single trackster

• Initial results very promising.
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The Phase-2 Upgrade of the Muon Detector
Existing DT, CSC, and RPC detectors

q Upgraded electronics for 
HL-LHC conditions

Enhanced forward muons
q iRPC: RE3/1 and RE4/1

§ Short electrode recovery
§ Reduced total charge discharge

q GEM detectors: 
GE1/1 (already in) and GE2/1
§ Improved L1 µ trigger in endcap

q ME0 detector
§ Muon coverage to |𝜂| = 2.8:

25

16 Chapter 1. The CMS Phase-2 muon detector
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Figure 1.4: An R-z cross section of a quadrant of the CMS detector, including the Phase-2 up-
grades (RE3/1, RE4/1, GE1/1, GE2/1, ME0). The acronym iRPCs in the legend refers to the
new improved RPC chambers RE3/1 and RE4/1. The interaction point is at the lower left cor-
ner. The locations of the various muon stations are shown in color (MB = DT = Drift Tubes, ME
= CSC = Cathode Strip Chambers, RB and RE = RPC = Resistive Plate Chambers, GE and ME0
= GEM = Gas Electron Multiplier). M denotes Muon, B stands for Barrel and E for Endcap.
Labelling details are given in Section 1.2.2. The magnet yoke is represented by the dark gray
areas.

Near the interaction region a silicon tracker, composed of an inner pixel detector surrounded
by a silicon strip detector, measures vertices and momenta of charged particles. The elec-
tromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL) are located inside the
solenoid, measuring electromagnetic and hadronic showers with lead tungstate crystals and a
scintillator-brass sampling detector, respectively.

The current silicon tracker must be replaced before the start of Phase-2, since it will suffer
significant radiation damage by the end of Run 3. To maintain excellent track reconstruction
at high pileup, the granularity of both the inner pixel tracker and the outer tracker will be
increased, by decreasing the pixel size and by shortening the strip lengths. For the first time
at CMS a momentum measurement will become possible within a few microseconds, and this
information can be used in the Level-1 (L1) trigger. The track trigger will greatly sharpen the
L1 pT resolution, which will reduce the trigger rate at a given transverse momentum. Thus
by combining input from the tracker and muon systems the pT threshold for the single muon
trigger can be kept low despite the high rate at HL-LHC.

The endcap calorimeters will also suffer significant radiation damage. The replacement planned
for Phase-2, the High Granularity Calorimeter (HGCAL), will have an electromagnetic and a



Phase-2 Muon Performance
Muon trigger & reconstruction

q Increased trigger efficiency
q Lower trigger rate
q Extended pseudorapidity range
q Improved redundancy

Physics improvements
q 7% increase in 

H ZZ ⟶ 4µ signal strength
q Improved weak angle 

measurement
q Top quark mass in 

t ⟶ J/ψ (µµ)µ + X decays
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1.6. Performance of the upgraded CMS muon system 47

tion/failures. For a reference, the open squares represent the complete muon system upgrade
without any hardware deterioration/failures and without neutron-induced background. One
can see the effiency of the upgraded muon system is expected to be remarkably resilient to
the HL-LHC adverse conditions. Muon reconstruction in the extended pseudorapidity range,
2.4 < |h| < 2.8, is also highly efficient and robust.
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Figure 1.25: Muon reconstruction and identification efficiency with statistical uncertainty in
DY events as a function of a simulated muon’s |h|, for tight muon selection cuts. Results for
different detector configurations are shown. Solid points assume an average pileup of 200, HL-
LHC neutron background, and a model of Muon System aging. Open squares show results for
the not-aged muon system and without neutron-induced background.

Background-muon multiplicity Figure 1.26 shows the average background-muon multi-
plicity as a function of muon |h| for the Phase-2 detector in three pileup scenarios, compared to
the performance of the Phase-1 detector. One can see that the rate of background-muons in the
full pseudorapidity range (including 2.4 < |h| < 2.8) remains fairly independent of the pileup
conditions.

1.6.2 Physics performance

To illustrate how the proposed muon system upgrade enhances the CMS physics program, a set
of representative physics analyses is briefly presented in this section (for details, see Section 8):

• The first five analyses directly benefit from the increased muon system acceptance,
better trigger, and higher reconstruction efficiency, which help to increase the signal
acceptance and improve the sensitivity of the measurements or search:

– Measurements of Higgs boson properties in the decay H ! ZZ ! 4µ,
– top quark mass measurement in t ! J/y(µµ) µ + X decays,
– studies of double parton scattering in the pp ! W+W+ process,
– search for lepton flavor violating decays t ! 3µ,
– precision measurement of the electroweak mixing angle with µ+µ� events.

• The next search example illustrates how the increased muon system acceptance
helps reduce the main background to the search by a large factor:
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In the case of the 14 TeV analysis with large number of events (> 200 fb�1), the pseudo-data are
too precise to estimate the PDF uncertainties with the Bayesian reweighting approach because
the replica distributions are too sparse compared to the statistical uncertainties. Therefore,
the PDF uncertainties after the Bayesian reweighting is estimated by extrapolating from the
lower values of integrated luminosities as illustrated in Fig. 8.11. The corresponding values for
various luminosities are summarized in Table 8.4. One can see from the Table that with the ex-
tended pseudorapidity coverage of |h| < 2.8, the statistical uncertainties are reduced by about
30% and the PDF uncertainties are reduced by about 20%, compared to |h| < 2.4 regardless of
the target integrated luminosity and for both nominal and constrained PDF uncertainties.
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Figure 8.11: Projected statistical, nominal PDF and constrained PDF uncertainties in sin2 q
lept
eff

extracted by fitting AFB(mµµ, yµµ) distributions at
p

s = 14 TeV with different values of inte-
grated luminosities and for |h| < 2.4 and |h| < 2.8 acceptance selections for the muons. The
nominal NNPDF3.0 uncertainty is calculated as a standard deviation of the extracted sin2 q

lept
eff

over the 100 NNPDF3.0 replicas. To calculate the constrained NNPDF3.0 uncertainty, each
replica is weighted by exp(�c2

min/2), where c2
min is the best-fit c2 obtained with this replica.

8.1.6 Summary of sensitivity gains

Table 8.5 summarizes the sensitivity gains in the five presented analyses due to the pseudora-
pidity acceptance extension provided by the ME0 chambers.

8.2 Impact of new capabilities of the muon detector upgrade
8.2.1 Displaced signatures in new physics searches

Future searches at the HL-LHC should cover a large phase space and, ideally, should not be
driven by strict model assumptions. An important class of new physics models predict long-
lived particles. The existence of such particles would potentially lead to displaced signatures.
For particles of a few hundred GeV mass, impact parameters |d0| can reach up to approximately
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A MIP Timing Detector for Phase-2 Upgrade
Measure the production time of minimum 

ionizing particles
q Longitudinal spread of bunches
q Interactions in a bunch crossing 

are spread with rms ∼ 200 ps
q Help mitigate pileup effects

Key parameters
q LYSO:Ce crystals
q Barrel (BTL): 1-layer, |eta| < 1.48

§ Readout: SiPM in Geiger mode 
q Endcap (ETL): 2-disks, 1.6 < |eta| <3

§ Readout: LGAD
q Clock distribution system

§ rms jitter of 10–15 ps
27
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Figure 1.2: Simulated and reconstructed vertices in a bunch crossing with 200 pileup inter-
actions assuming a MIP timing detector with ⇠30 ps time resolution covering the barrel and
endcaps. The horizontal axis is the z position along the beam line, where the “0” is the center
of the IR. The vertical axis is the time with “0” being the point in time when the beams com-
pletely overlap in z. The simulated vertices are the red dots. The vertical yellow lines indicate
3D-reconstructed (i.e. no use of timing information) vertices, with instances of vertex merging
visible throughout the display. The black crosses and the blue open circles represent tracks
and vertices reconstructed using a method that includes the time information and is therefore
referred to as “4D”. Many of the vertices that appear to be merged in the spatial dimension are
clearly separated when time information is available.

reduces the number of tracks from pileup vertices that are incorrectly associated with the hard-
interaction vertex. This reduction is quantified in Fig. 1.3. The left plot shows the mean number
of tracks incorrectly associated to the primary vertex as a function of the line density of the col-
lision vertices. For a line density of 1.9 collisions per mm, which is the peak density for the
case of 200 pileup collisions, the mean number of incorrectly associated tracks reaches over 20
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Figure 1.3: Left: Number of pileup tracks incorrectly associated with the hard interaction ver-
tex as a function of the collision line density for different time resolutions. Right: Distribution
of the number of incorrectly associated tracks with the use of a 3 s (where s = 35 ps) selection
on timing information and without use of timing information. The vertical axis is the frac-
tion of primary vertices which have the number of pileup tracks shown on the horizontal axis
associated to them.



MTD Performance
Timing resolution
q 30—40 ps when new
q 50—60 ps by the end of HL-LHC

Impact on physics
q 10—12% improvement 

in MET resolution
§ H ⟶ ττ, BSM searches

q HH production: +20% signal yield
q PID capabilities for HI run
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Figure 1.5: Expected performance for charged particle identification in pT and rapidity in an
early run of the HL-LHC with the proposed MTD, with a time resolution of about 30 ps, which
is achievable since there will not yet be significant radiation damage. Different colors of the
shaded regions correspond to 1, 2 and 3 s separations. Left: The p/K separation vs pT and
rapidity y under the pion hypothesis. Right: The K/p separation vs pT and rapidity y under the
proton hypothesis. Shown also are contours in pseudo-rapidity, |h|. The label BTL in these plots
indicates the barrel timing detector and the label ETL indicates the endcap timing detectors.

The performance of particle identification for the proposed MTD is compared to that of the
TOF systems in the STAR [17] and ALICE [18] experiments at midrapidity (|y| < 0.9–1.0).
Table 1.2 summarizes key parameters of the TOF system in each experiment for the radius,
r, of the cylindrical barrel region, which is directly related to the particle flight distance, L;
the time resolution (sT); and the ratio of r to sT, which characterizes the TOF PID capability.
Although the CMS-MTD has the shortest flight distance, constrained by the available space in
CMS, with the design time resolution of 30 ps, the PID performance is expected to be 40% better



The Phase-2 Upgrade of the Level-1 Trigger
Retain two-level trigger approach

q Level-1 + High-Level Trigger

Key parameters
q Rate: 100 kHz ⟶ 750 kHz
q Latency: 3.8 µs ⟶ 12.5 µs

Inputs
q Calorimeters 
q Muon System
q Outer Tracker

Four independent 
trigger processing paths
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Charged particle track reconstruction
q Stubs from Outer Tracker
q Hybrid tracklet+KF track finder
q Extended L1 tracking for displaced trajectories

Correlator layer for 
sophisticated algorithms

q Particle-flow
q Machine learning

40 MHz Scouting
q Intermediate L1T data streams
q Diagnostics, monitoring and physics
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Level-1 Trigger Highlights

Algorithm overview
• Different algorithms have been explored at CMS for L1 track finding 

‣ Similar performance & demonstrated feasibility, detailed in Phase-2 Tracker TDR 

• Hybrid algorithm combines ideas from legacy algorithms 

‣ Road-search algorithm based on “tracklet" seeds 

‣ Kalman Filter used to identify best stub candidates & provide track parameters 

!11

Emulation ⇔ Firmware Comparisons (1)

• Goal:  Systematic large-scale comparison between firmware & emulation

‣ Previously single event comparisons 
‣ Now large-scale, sequential event processing,

updated algorithm implementation etc.
‣ (1) Compare emulation vs Vivado simulation
‣ (2) Compare emulation vs board output
‣ Study stub pairs, tracklets, fitted tracks

• Develop SW tools for large-scale comparisons
‣ Bitwise comparisons
‣ Translation of track parameters to real coordinates

• Process single muons (PU=0) as starting point
‣ One “DTC region” (1/4 barrel) & one “phi sector” (1/28)
‣ Work in progress!

18

Tracklet Method:  Project

• Project tracklets to other layers 
& disks to search for matching 
stubs

• Search windows derived from 
residuals between projected 
tracklets & stubs

• Both inside-out & outside-in

4

x

y

  

Anders Ryd, Cornell University            Emulation of Barrel+Endcap L1 Tracking       May 7, 2014                            Page: 3/27

x

y

Tracklet Based Track Finding

Form track seeds, tracklets, 
from pairs of stubs in 
neighboring layers

y

trackletstub pair

tracklet

fitted track

S. Kyriacou, B. Yates, 
J. Chaves, LS

TRACK FINDING ALGORITHMS �5�5

Thomas James

increased precision of track parameters

Layer (L) 1 L2 L3 L4 L5 L6 L7 L8

precise 
track 

parameters

coarse 
track 

parameters

3D KALMAN FILTER (KF)
▸ Commonly used iterative algorithm; series of 

measurements containing inaccuracies and noise -> 
estimates of unknown variables 

1. Initial estimate of track parameters (HT seed) & 
their uncertainties 

2. Stub used to update state  (weighted average) 

3. χ2 calculated, used to reject false candidates, 
incorrect stubs on genuine candidates 

4. Repeat until all stubs are added
seed 

creator
state 

control

FIFO 1
state updater

state 
accumulator

stubs in
stub-state associator

FIFO 2 state filterFIFO 3 tracks 
out

Selects best 
state for each 
candidate (χ2)

Incoming stubs stored in 
BRAM for later retrieval

Multiplexes incoming 
seeds & partially worked 
states

Retrieves next stub 
(in increasing radii)

Updates matrices & 
state with weighted 
average of previous & 
new inputs

KF worker - simplified firmware diagram

state updater 
(HLS)

Latency ~1 μs
Tracklet seed & search Kalman Filter fitting 

+



32

208 Chapter 4. Level-1 trigger menu

20 40 60 80 100 120 140 160
 [GeV]

T
Offline p

1

10

210

310

410

510

Ra
te

 [k
Hz

]  Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10 Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10 Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10 Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10 Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10 Phase-2 SimulationCMS , 200 PU-1s-2cm3414 TeV, 7.5x10

tk+EG τ
calo τ
Puppi τ (NN loose)

 (NN medium)Puppi τ

Figure 4.5: Trigger rate as a function of the offline visible tau pT thresholds for different tau
identification algorithms.

tained through this process, which cover 70% of the total L1 trigger rate. This list also contains
duplicated paths targeting higher pT objects with algorithms that have higher reconstruction
efficiencies as discussed in Section 4.1.

This simplified list of trigger conditions, containing single-object and cross-object triggers, was
used as a starting point for deriving the Phase-2 L1 trigger menu. The importance of main-
taining Phase-1 thresholds in a 200 average pileup environment for single-object triggers has
been extensively discussed in Section 1.4. The simplified menu also contains the cross-object
triggers designed during Phase-1 to further reduce the thresholds on individual objects of the
trigger seeds, targeting final states with multiple objects with soft pT.

Table 4.1 describes the content of the L1 simplified menu for CMS Phase-2; all the selection
details for each of the 41 seeds are listed, together with the Phase-1 offline pT and ET thresholds
and their respective individual trigger rates. As described in Section 4.1 the corresponding
online thresholds are obtained with the scaling procedure that chooses the trigger efficiency
point at 95% of the plateau for µ, e/g, jets and at 90% for t, HT and Emiss

T . For triggers that use
t, HT and Emiss

T , the corresponding offline thresholds at 50% of the trigger efficiency plateau
are also quoted; physics analysis can increase their acceptance selecting the events with these
offline thresholds far from the trigger plateau. For each trigger the reconstruction efficiency
plateau for the objects used in the seed implementation is also quoted. In any given collision
event, several seeds may be ”fired”. The overlaps (correlations) among different algorithms are
accounted for when estimating the menu rate, reported at the end of the table.

The total rate of this set of seeds meets the bandwidth requirements, with a 50% margin; it
therefore shows that a physics reach similar to the one of the Phase-1 L1 menu can be ensured
even under the harsh HL-LHC luminosity conditions. Moreover, it should be noted that a num-
ber of these seeds using upgraded algorithms achieve low rates, even at 200 pileup. Therefore,
this simplified menu baseline has available bandwidth which can be spent to reduce the thresh-
olds on a number of seeds in order to increase the acceptance for key physics signals. These
include reducing the Single TkMuon seed pT threshold from 22 GeV to 15 GeV with a rate in-
crease of 30 kHz and the Single TkIsoElectron seed pT threshold from 28 GeV to 22 GeV with a
25 kHz rate increase. These reduced thresholds would help to increase the acceptance in a col-
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3, the coverage of the upgraded endcap calorimeter. The use of calorimeter-only electrons up
to |h| < 3 will be discussed in Section 4.3.1.

Moreover, as discussed above, the use of track-matched electrons further reduces the trigger
rate for multi-object seeds using the z coordinate of the matched L1 track, as in the muon case.
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Figure 4.2: Left: Trigger rate as a function of the offline pT thresholds for standalone muon,
TkMu and TkMuStub algorithms for the pseudorapidity range |h| < 2.4. Right: Trigger rate as
a function of the offline pT thresholds for calorimeter-only electrons, track-matched electrons,
track-matched isolated electrons and isolated photons for the pseudorapidity range |h| < 2.4;
the rate for calorimeter-only electrons extended to |h| < 3 is also shown.

4.1.3 Jets and jet-sum trigger algorithm inputs

As discussed in Section 3.6 there are two standalone jet algorithms, track jets and calorimeter-
based jets, which use only L1 tracks and calorimeter clusters, respectively. In addition, as
discussed in Section 3.5, PUPPI jets are reconstructed using the particle-flow algorithm.

While track jets are only reconstructed in the |h| < 2.4 range, where L1 tracks are available,
calorimeter-based jets and PUPPI jets are reconstructed up to |h| < 5, making use of all of
the calorimeters. This study considers the 7⇥7 histogrammed PUPPI jets as described in Sec-
tion 3.6.1.3. For all three algorithms, the reconstruction efficiency reaches 100% at plateau, as
shown in Figs. 3.93, 3.95, and 3.99.

A summary of the jet trigger rates can be found in Fig. 4.3, where the trigger rate as a function
of the offline threshold is shown for each of the algorithms. The offline-to-online scaling is
derived using jets from a simulated sample of tt events and is used to extract turn-on curves
for several pT requirements separately in the barrel, endcap, and forward (outside the tracker
acceptance) regions.

For pT thresholds lower than 150 GeV, sustainable rates are provided only by the PUPPI jet
algorithm; the calorimeter-based jet algorithm can be used for higher thresholds when its rate
becomes comparable or even lower than the PUPPI jet algorithm rate. Moreover, the two stan-
dalone jet algorithms provide robustness for the overall trigger system, given they rely only on
the calorimeter sub-detectors or only on the tracker detector.

Three different algorithms have been considered for the reconstruction of HT at trigger level:
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calorimeter-based HT, track HT, and PUPPI HT, obtained by summing the transverse energy
of calorimeter-based jets, track jets, and PUPPI jets, respectively. The performance of all three
algorithms is shown in Fig. 4.4, defining the generator level HT as the scalar sum of all the
generator level jets with pT > 30 GeV and |h| < 2.4. In this case, for all thresholds, PUPPI HT
provides the best results.
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Figure 4.3: Left: Trigger rate as a function of the offline pT thresholds for track jets, calorimeter-
based jets, and PUPPI jets for the pseudorapidity range |h| < 2.4. Right: For calorimeter-based
jets and PUPPI jets the rate for the pseudorapidity range |h| < 5 is shown.

4.1.4 Missing transverse energy trigger algorithm inputs

As discussed in Sections 3.6 and 3.5 the two algorithms for the computation of Emiss
T both re-

quire use of L1 tracks to be able to cope with high pileup: one makes use of L1 tracks only,
track Emiss

T , and one exploits the particle flow reconstruction and PUPPI selection, PUPPI Emiss
T .

The offline-to-online scaling is derived using a simulated sample of tt events, with the genera-
tor level Emiss

T calculated as the vector sum of the momenta of all the generator level particles
(excluding the undetectable neutrinos). For the typical Phase-1 thresholds targeted in the sim-
plified menu (see Section 4.2), PUPPI Emiss

T provides a trigger rate which is a factor 20 lower
than the corresponding one from track Emiss

T as shown in Fig 4.4 right, and it is therefore used
in the menu design.

4.1.5 Tau trigger algorithm inputs

As discussed in Section 3.6, prompt isolated taus that decay hadronically can be reconstructed
using several newly designed algorithms: the standalone calorimeter-based taus, the tracks+e/g
taus, and more complex algorithms which make use of particle-flow. In particular PUPPI taus
come from an algorithm that uses PUPPI candidates as input to a neural network (NN) which
provides different working points for object identification efficiency.

A comparison between the reconstruction efficiency for some of these algorithms is shown in
Fig. 3.120. At plateau, calorimeter-based taus reach the highest efficiency (99%), followed by the
loose working point of the PUPPI tau algorithm (90%), and by the tracks+e/g tau algorithm
(80%). The comparison between the performance of these objects, in terms of the combined
effect of background rejection and momentum resolution, is shown in Fig. 4.5, where the single
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Figure 4.4: Left: Trigger rate as a function of the offline HT thresholds for the three algorithms
calorimeter-based HT, track HT and PUPPI HT. Right: Trigger rate as a function of the offline
Emiss

T thresholds for the track Emiss
T and PUPPI Emiss

T algorithms.

tau trigger rate as a function of the offline threshold is shown for each algorithm. The generator-
level tau pT is computed removing the neutrinos from the tau’s decay products (”visible” t pT).
The offline-to-online scaling is derived using taus from a simulated sample of HH ! bbtt, a
typical signal sample which is targeted by the low pT tau paths included in the menu. To
sustain the rates of the triggers in the menu which use low pT taus (40 to 50 GeV), the loose
working point of the PUPPI-tau algorithm is required. Reconstruction efficiency for higher pT
thresholds can be recovered by use of calorimeter-based taus, as shown in the simplified menu
table in Section 4.2.

The rate of multi-object triggers including tau objects that use L1 tracks (tracks+e/g taus) can be
reduced further with a requirement on the z-distance of the L1 tracks, as discussed previously.
Algorithms based on PUPPI candidates already use PF candidates which originate from the
primary vertex, and therefore do not need this additional requirement.

4.2 Simplified menu with Phase-1 thresholds
Towards the end of the LHC Run-2, the total number of seeds used in the CMS L1 menu was
between 350 and 400 [6]. With the intention of defining the simplest L1 menu for Phase-2 that
would cover most of the CMS physics program, only all the unprescaled1 triggers (⇠ 150 in
2018) seeding HLT paths which were used for physics analysis were retained for this exer-
cise. The L1 seeds of the baseline Phase-1 L1 menu targeting an instantaneous luminosity of
2⇥1034cm�2s�1, that come out of this selection, were used to seed the HLT paths that recorded
75% of the whole CMS dataset. A further simplification was achieved by selecting only the
less restrictive unprescaled trigger conditions of each ”family” of seeds: less restrictive refers
here to the lowest pT threshold applied on trigger objects. From the remaining list, the trig-
gers for which new techniques have been developed, such as displaced muon or displaced jet
triggers (described in Section 4.3) were removed as well. A simplified list of 41 triggers is ob-

1The trigger rate of an algorithm can be reduced by applying a ”prescale” that determines what fraction of events
selected by the seed will pass the trigger. The baseline Phase-1 L1 menu targeting an instantaneous luminosity of
2⇥1034cm�2s�1 contained approximately 200 to 250 such prescaled seeds.



The Phase-2 Simplified Level-1 Menu
Rate compatible with 

Phase-2 requirements
q 450 kHz

§ 50% safety margin
w.r.t ultimate target

q ∼ 40 trigger algorithms

Possible extensions
q Extended |𝜂|

standalone leptons
q L1 soft muons
q Light mesons with 

L1 tracking
q Displaced vertices
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Table 4.1: Simplified menu for Phase-2: 41 trigger seeds with Phase-1 offline thresholds. In
the first column the trigger seeds are listed: the names refer to the types of object algorithms
described in Section 4.1. In the second column the Phase-1 offline pT and ET thresholds are re-
ported, in the third column their total rates. In the fourth column the additional requirements
of each seed selection are listed: they include pseudorapidity ranges, the Dz cuts for multi-
ple track-matched object seeds, requirements on spatial distance between objects (Dh and DR)
and requirements on the invariant mass of two objects. The fifth column contains the trigger
efficiency plateau for the objects used in the seed implementation.

Offline Rate Additional Objects
L1 Trigger seeds Threshold(s) hPUi = 200 Requirement(s) plateau

at 90% or 95% (50%) efficiency
[ GeV ] [kHz] [cm, GeV] [%]

Single/Double/Triple Lepton (electron, muon) seeds
Single TkMuon 22 12 |h| < 2.4 95
Double TkMuon 15,7 1 |h| < 2.4, Dz < 1 95
Triple TkMuon 5,3,3 16 |h| < 2.4, Dz < 1 95
Single TkElectron 36 24 |h| < 2.4 93
Single TkIsoElectron 28 28 |h| < 2.4 93
TkIsoElectron-StaEG 22, 12 36 |h| < 2.4 93, 99
Double TkElectron 25, 12 4 |h| < 2.4 93
Single StaEG 51 25 |h| < 2.4 99
Double StaEG 37,24 5 |h| < 2.4 99
Photon seeds
Single TkIsoPhoton 36 43 |h| < 2.4 97
Double TkIsoPhoton 22, 12 50 |h| < 2.4 97
Taus seeds
Single CaloTau 150(119) 21 |h| < 2.1 99
Double CaloTau 90,90(69,69) 25 |h| < 2.1, DR > 0.5 99
Double PuppiTau 52,52(36,36) 7 |h| < 2.1, DR > 0.5 90
Hadronic seeds (jets,HT)
Single PuppiJet 180 70 |h| < 2.4 100
Double PuppiJet 112,112 71 |h| < 2.4, Dh < 1.6 100
PuppiHT 450(377) 11 jets: |h| < 2.4, pT > 30 100
QuadPuppiJets-PuppiHT 70,55,40,40,400(328) 9 jets: |h| < 2.4, pT > 30 100,100
Emiss

T seeds
PuppiEmiss

T 200(128) 18 100
Cross Lepton seeds
TkMuon-TkIsoElectron 7,20 1 |h| < 2.4, Dz < 1 95, 93
TkMuon-TkElectron 7,23 3 |h| < 2.4, Dz < 1 95, 93
TkElectron-TkMuon 10,20 1 |h| < 2.4, Dz < 1 93, 95
TkMuon-DoubleTkElectron 6,17,17 0.1 |h| < 2.4, Dz < 1 95, 93
DoubleTkMuon-TkElectron 5,5,9 4 |h| < 2.4, Dz < 1 95, 93
PuppiTau-TkMuon 36(27),18 2 |h| < 2.1, Dz < 1 90, 95
TkIsoElectron-PuppiTau 22,39(29) 13 |h| < 2.1, Dz < 1 93, 90

DR > 0.3
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Offline Rate Additional Objects
L1 Trigger seeds Threshold(s) hPUi = 200 Requirement(s) plateau

at 90% or 95% (50%) efficiency
[ GeV ] [kHz] [cm, GeV] [%]

Cross Hadronic-Lepton seeds
TkMuon-PuppiHT 6,320(250) 4 |h| < 2.4, Dz < 1 95,100
TkMuon-DoublePuppiJet 12,40,40 10 |h| < 2.4, DRjµ < 0.4, 95,100

Dhjj < 1.6, Dz < 1
TkMuon-PuppiJet- 3,100,120(55) 14 |h| < 1.5, |h| < 2.4, 95,100,
PuppiEmiss

T Dz < 1 100
DoubleTkMuon-PuppiJet- 3,3,60,130(64) 4 |h| < 2.4, Dz < 1 95,100,
PuppiEmiss

T 100
DoubleTkMuon-PuppiHT 3,3,300(231) 2 |h| < 2.4, Dz < 1 95,100
DoubleTkElectron-PuppiHT 10,10,400(328) 0.9 |h| < 2.4, Dz < 1 93,100
TkIsoElectron-PuppiHT 26,190(124) 9 |h| < 2.4, Dz < 1 93,100
TkElectron-PuppiJet 28,40 34 |h| < 2.1, |h| < 2.4, 93,100

DR > 0.3, Dz < 1
PuppiTau-PuppiEmiss

T 55(38),190(118) 4 |h| < 2.1 90,100
VBF seeds
Double PuppiJets 160,35 40 |h| < 5, mjj > 620 100
B-physics seeds
Double TkMuon 2,2 12 |h| < 1.5, DR < 1.4, 95

q1 ⇤ q2 < 0, Dz < 1
Double TkMuon 4,4 21 |h| < 2.4, DR < 1.2 95

q1 ⇤ q2 < 0, Dz < 1
Double TkMuon 4.5,4 10 |h| < 2.0, 7 < mµµ < 18, 95

q1 ⇤ q2 < 0, Dz < 1
Triple TkMuon 5,3,2 7 0 < mµ5µ3,q1⇤q2<0 < 9 95

|h| < 2.4, Dz < 1
Triple TkMuon 5,3,2.5 6 5 < mµ5µ2.5,q1⇤q2<0 < 17 95

|h| < 2.4, Dz < 1
Rate for above Trigger seeds 346
Total Level-1 Menu Rate (+30%) 450



The Phase-2 Upgrade of the DAQ/HLT
Data Acquisition (DAQ)

q Data pathway and time decoupling 
between detector readout 
and data reduction

q Local storage at experimental site
q Transfer to offline storage

High-Level Trigger (HLT)
q Efficient selection of events of interest

q Data reduction 100:1 with respect to L1T
q Within computing resources envelope cost

Key Parameters
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<latexit sha1_base64="hOmeolqnCQC2OQIjovM02pVfOY4="></latexit>

LHC HL-LHC

CMS detector Phase-1 Phase-2

Peak hPUi 60 140 200

L1 accept rate (maximum) 100 kHz 500 kHz 750 kHz

Event Size at HLT input 2.0 MB 6.1 MB 8.4 MB

Event Network throughput 1.6 Tb/s 24 Tb/s 51 Tb/s

Event Network buffer (60 s) 12 TB 182 TB 379 TB

HLT accept rate 1 kHz 5 kHz 7.5 kHz

HLT computing power 0.7 MHS06 17 MHS06 37 MHS06

Event Size at HLT output 1.4 MB 4.3 MB 5.9 MB

Storage throughput 2 GB/s 24 GB/s 51 GB/s

Storage throughput (Heavy-Ion) 12 GB/s 51 GB/s 51 GB/s

Storage capacity needed (1 day) 0.2 PB 1.6 PB 3.3 PB



Phase-2 Data Acquisition System
Key parameters

q 50,000 high-speed front-end optical links 
q Up to 60 Tb/s data rate
q Total event size 7—10 MB

Highlights
q Unified detector readout

§ ATCA form-factor for detector backend
q Dual-function board DTH-400

§ DAQ data aggregation
§ Timing and Trigger Control and Distribution 

q Event Network
§ RDMA over Converged Ethernet

q Heterogeneous HLT nodes
§ GPU-equipped servers
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Phase-2 HLT Physics Objects, Paths, Menu
Physics objects 

q Same algorithms as offline
q Same framework (CMSSW)
q Added emphasis in execution speed

HLT paths
q Targets a given final state
q Sequence of filters / producers 
q Early filtering

HLT menu
q Collection of HLT paths
q Reuse variables among paths
q Multithreaded since 2016

§ Parallel event processing
§ Simultaneous module execution36
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The Phase-2 Simplified HLT Menu
Rate and timing compatible 

with Phase-2 requirements
q Rate

§ 3750 Hz – 50% of ultimate target
§ ∼15 single-object based paths
§ Same structure of Phase-1 paths
§ Heavy-hitters: single e, µ

q Timing
§ Key factor: GPU-able algorithms
o Run 3 (IT offload): 330 ⟶ 250ms
o Phase-2: expect 50—80% offloading

§ Additional performance improvements 
(1.5x to 4x) needed until HL-LHC start
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Table 11.3: Rates of the individual HLT paths that make up the simplified menu. The quoted
uncertainties are statistical only. For the single isolated electrons paths, WP1 and WP2 refer
to the working points discussed in Section 10.3.1.2. Both of them are added to the menu, and
the average of the two rates is considered in the total. Only the Run-2-like b-tagging path with
d > 0.33 threshold, as discussed in Section 10.3.5.4, is added to the menu. The double tau
lepton trigger rate estimate for hPUi = 140 is based on the the hPUi = 200 estimate, scaled by
2/3 according to the luminosity; this is indicated by the † symbol in the table. The total rate
does not take into account the reduction from the overlap among different paths.
Trigger type Phase-1 Phase-2

Threshold
[GeV] % rate L1 seed

Threshold
[GeV]

Rate at
hPUi = 140 [Hz]

Rate at
hPUi = 200 [Hz]

Single µ 50 3% TkMu 22 50 155 ± 6 213 ± 8
Single µ (isol.) 24 14% TkMu 22 24 943 ± 32 1 111 ± 29
Double µ 37, 27 1% TkMu 15 7 37, 27 27 ± 1 40 ± 1
Double µ (isol.) 17, 8 2% TkMu 15 7 17, 8 113 ± 11 143 ± 13
Triple µ 5, 3, 3 0.5% TkMu 5 3 3 10, 5, 5 39 ± 8 48 ± 8

StaEG 51 OR

Single e (isol.) 28 13% TkEle 36 OR 32 (WP1) 609 ± 27 1 005 ± 33
TkIsoEle 28 26 (WP2) 664 ± 47 1 012 ± 33

Double e 25, 25 1% TkEle 25 12 OR 25, 25 46 ± 4 82 ± 6
StaEG 37 24

Double e (isol.) 23, 12 1% TkEle 25 12 OR 23, 12 52 ± 5 104 ± 9
StaEG 37 24 OR

TkIsoEle 22 StaEG 12

Single g 200 1% StaEG 51 187 32 ± 1 56 ± 6
Single g (isol.) 110, EB only 1% StaEG 51 OR 108, EB only 35 ± 9 52 ± 7

TkIsoPho 36

Double g 30, 18 2% StaEG 37 24 OR 30, 23 123 ± 12 179 ± 14
TkIsoPho 22 12

Double t 35, 35 3% HPSPFTau 21 21 22, 22 106 ± 18 † 159 ± 27
Single jet 500 1% PuppiJet 230 520 53 ± 1 76 ± 1
HT 1050 1% PuppiHT 450 1 070 53 ± 1 74 ± 1
Missing pT 120 3% PuppiMET 220 140 79 ± 7 228 ± 20
Multijets HT = 330 1% PuppiJet 70 55 HT = 330 32 ± 4 48 ± 5
with b-tagging jets = 75, 60, 40 40 PuppiHT 328 jets = 75, 60,

45, 40 45, 40

Total rate 49% 2 525 ± 57 3 621 ± 62



Phase-2 Beam Radiation, Instr. and Lumi
Beam radiation monitoring

q Optimise protection and lifetime of subdetectors
q Both real-time and integrated fluence

Luminosity measurement
q Real time

§ Operational scenario optimisation
q Integrated

§ Key input to physics: 
target O(1%) uncertainty

Highlights
q Luminosity measurement from IT Endcap Pixel
q Luminosity readout from OT
q New lumi detector: Fast Beam Conditions Monitor
q New system of neutron monitors

Precision luminosity measurement with the CMS detector at HL-LHC Cristina Oropeza Barrera

Outer Tracker

The Phase-2 Outer Tracker (OT) system [6] will provide a source of high-rate physics objects
called “stubs” (two-hit coincidences on closely spaced silicon sensors). These objects are sent to
the back end at the full bunch-crossing frequency of 40 MHz. The performance of the OT has been
studied using detector simulations. These studies show that the best precision can be obtained by
counting stubs from barrel layer 6—around 0.03% per bunch-crossing per second at a pileup of
200—which makes the OT the statistically most powerful luminometer.

Muon System

Muon barrel track segments (trigger primitives) have shown excellent linearity and stability in
Run 2 [2–4]. Despite the increased particle rates at HL-LHC conditions, the expected hit occupancy
for the DT chambers will remain low. The readout rate for Phase-2 is expected to be of 40 MHz,
and it is foreseen to expand the functionality to provide bunch-by-bunch information.

4. Summary

In Phase-2, CMS will deliver bunch-by-bunch luminosity aiming at (2%) 1% (online) o�ine
precision. This will be achieved by using data from existing subsystems and by building a fully
independent luminosity detector that can be used in all LHC beam conditions. This strategy will
enable CMS to have five independently calibrated bunch-by-bunch measurements plus additional
handles on stability and linearity, using di�erent detector technologies and counting methods with
orthogonal sensitivity to systematic biases. A summary of the capabilities of each luminometer is
shown in Fig. 2.

The linearity of the di�erent observables reconstructed in each of these luminometers has been
studied using detector simulations or, in the case of the muon system, extrapolations from Run 2 data.
It is expected that further corrections obtained from real data will bring the observed nonlinearity
significantly lower. In order to achieve the 1% accuracy required by precision physics analyses, the
statistical component of the uncertainty must be kept negligible. The expected statistical precision
per bunch per lumi-section for physics conditions is below 0.04% for all luminometers, except for
the muon observables.

Figure 2: Summary of the capabilities of the proposed luminometers. [5].
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Phase-2 Offline and Computing
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Conclusions
The high-luminosity configuration paves the way for the full exploitation of the LHC.

q Complete the cycle LEP ⟶ LHC ⟶ HL-LHC

Full luminosity needed for the most extensive searches and most precise measurements.
q Elucidation of the EWSB and of the Higgs boson characteristics

The HL-LHC conditions will be the harshest to date.
q Event rate, pileup, radiation

The CMS Phase-2 Upgrade will allow us to profit from the HL-LHC era.
q Keep (and improve) the high performance delivered in Phase-1
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