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Where are we ?

• Run2 remains potentially the crucial era in the LHC programme 
• Great potential for discovery at 13 TeV

• Detectors commissioned, techniques well understood; conditions stable


• However, we are entering a new phase 
• R&D and construction required in parallel with operations & exploitation
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CMS Organisation
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Publications

4http://cms-results.web.cern.ch/cms-results/public-results/publications/

520 papers 
submitted

http://cms-results.web.cern.ch/cms-results/public-results/publications/


Physics at 13 TeV : SM
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Physics at 13 TeV : Higgs
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2015 dataset

• Anticipate transition to focussed 
precision measurements in future 

• Fewer incremental updates 



Physics at 13 TeV : SUSY
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• Significant increase in 

sensitivity with ICHEP 
dataset
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Physics at 13 TeV : Exotica

8

m(ee) [GeV]
70 100 200 300 1000 2000

 E
ve

nt
s 

/ G
eV

6−10

5−10

4−10

3−10

2−10

1−10
1

10

210

310

410

510
Data

-e+e→/Zγ
ττ, tW, WW, WZ, ZZ, tt

Jets
 = 2 TeV)

Z'
Narrow Z' (M

 (13 TeV)-12.6 fb
CMS

Preliminary

Z’→ee

H→inv

pp→DM+jet(s)

UK



Prospects - 3000fb-1
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LHC Schedule
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1.3. The Physics Opportunities at the HL-LHC 7

Figure 1.9: Projected LHC performance through 2035, showing OLD! preliminary dates for
long shutdowns of LHC and projected luminosities.

cavities will be added to optimize the bunch overlap at the interaction region. These changes1467

will produce a significant increase in the LHC luminosity.1468

The high luminosity period that follows LS3 with the upgraded LHC is referred to here as1469

HL-LHC or Phase-II. The proposed operating scenario is to level the instantaneous luminosity1470

at 5 ⇥ 1034cm�2s�1 from a potential peak value of 2 ⇥ 1035cm�2s�1 at the beginning of fills,1471

and to deliver 250 fb�1 per year for a further 10 years of operation. Under these conditions1472

the event PU will rise substantially to become a major challenge for the experiments, and the1473

performance degradation due to integrated radiation dose will need to be addressed. This1474

Technical Proposal presents the CMS upgrade program for Phase-II.1475

The schedule of beam operations and long shutdowns, together with projections of the peak1476

and integrated luminosities, is shown in Fig. 1.9, and is, of course, subject to change.1477

1.3 The Physics Opportunities at the HL-LHC1478

The CMS physics program at the HL-LHC will build on the experience acquired, and the results1479

obtained, in the first phase of the LHC operation, with more than 300 fb�1 of accumulated1480

data. Independent of potential discoveries in this period, the physics program will continue1481

the quest to answer fundamental questions in particle physics, on one hand with precision1482

measurements and on the other by direct searches for new physics.1483

In this section, a few highlights of the accomplishments possible with the full 3 ab�1 are pre-1484

sented. The results take into account the impact of radiation damage and pileup, as well as1485

the improvement to the detector planned to preserve its capabilities. More complete and de-1486

tailed projections are given in chapter 10, which also presents the assumptions that went into1487

producing each result.1488

The study of the Higgs boson will continue to be central to the program. It will include precise1489
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CMS Status

• Main activities during 2015 end of year stop 
• Refurbishment and cleaning of magnet cryogenics

• Full upgrade of L1 Trigger
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CMS Status

• Main activities during 2015 end of year stop 
• Refurbishment and cleaning of magnet cryogenics

• Full upgrade of L1 Trigger
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Magnet Status

• CMS magnet suffered during 2015 
• Oil contamination of liquid He

• Source of contaminant confirmed 

with mass spectrometry shortly 
after end of 2015 data-taking


• Refurbishment of “cold box” during 
2015/16 year end stop 
• Primary oil removal system 

replaced

• System cleaned to remove all 

contaminant

13

17

CMS magnet cyrogenic system

 Cold box cleaning to 
remove traces of 
Breox contaminant

 Replacement of 
primary oil removal 
system

Intense programme to refurbish the cryogenic system for B=3.8T operation in 2016



Magnet Status
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Magnet Status

15

Power glitch

LHe production 
regulator failure



Phase 1 Trigger Upgrade

• Successfully deployed calo trigger interim upgrade (one board) in 2015 
• Fully replaced entire L1 Trigger during 2015/16 year end stop 
• In operation for 2016 data taking, supplying triggers to CMS

16

Calo Layer 1

Barrel Overlap Endcap

Global Muon Trigger

Global Trigger

Track Finders

ECAL HCAL HF CSC DT RPC

Calo Layer 2 UK

UK HW software! UK



Phase 1 Trigger Upgrade
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Layer 2 Calo Trigger

• Layer 2 calorimeter trigger - UK deliverable 
• UK hardware supplied to multiple CMS L1 Trigger subsystems 
• Supplied package of hardware + “core” firmware and software 
• “Users” provide algorithm firmware + software

MP7 Processor

UK
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Figure 1a 

Level-1 trigger efficiency for hadronically-decaying τ’s used to 
seed the di-τ High Level Trigger for the H→ τhτh analysis.  

The efficiency is computed per single τ-leg through the tag-
and-probe method, as a function of the offline-reconstructed 
tau transverse momentum. Hadronically-decaying τ’s from the 
Z→τμτh process are selected in events that fired the single μ 
HLT and fulfil the baseline H→ττ requirements of well identified 
and isolated μτh pairs and m(ETmiss, μ) < 30 GeV. 

Passed probe L1 τ’s must geometrically match to selected 
offline τ's and must have transverse energy larger than 28 GeV. 
For ET < 40 GeV, L1 τ’s must satisfy an additional isolation 
requirement.
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Phase 1 Trigger Upgrade
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• L e v e l - 1 i s o l a t e d E G t r i g g e r 
efficiency as a function of the offline 
r e c o n s t r u c t e d s u p e r c l u s t e r 
transverse energy (ET), inclusively 
in barrel and endcaps, for L1 
thresholds of 20 (black), 24 (red) 
and 28 GeV (blue)

• 585 pb-1 from 2016 data are used

• Events used are those passing the 
Z→ee tag-and-probe selection

• A geometrical matching between the 
electron supercluster and the L1 
candidate is applied

• The lines correspond to the result of 
an unbinned maximum likelihood 
with a Crystal-Ball integral function

e/γ

MET Resolutions
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Jet Energy Resolution

• Di�erence of Level-1 and o�ine jet Et for central (left) and
HF (right) jets

• The distributions are split into di�erent pile-up (PU) ranges
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T
)/Offline Jet ET - Offline Jet E

T
(L1 Jet E

1− 0.5− 0 0.5 1

a.
u.

0

0.02

0.04

0.06

0.08

0.1

 2016 DataPreliminary CMS  (13 TeV)-175.3 pb

| < 3.0offline
jet
η|

 > 30 GeVoffline
TE

 PU < 13≤0 
 PU < 20≤13 
 PU≤20 

HF

T
)/Offline Jet ET - Offline Jet E

T
(L1 Jet E

1− 0.5− 0 0.5 1

a.
u.

0

0.02

0.04

0.06

0.08

0.1

0.12
 2016 DataPreliminary CMS  (13 TeV)-175.3 pb

| > 3.0offline
jet
η|

 > 30 GeVoffline
TE

 PU < 13≤0 
 PU < 20≤13 
 PU≤20 

• Small dependency on the pile-up for HF jets which does not
impact the performance significantly

8/16

jet

ETmiss

UK



Phase 1 Upgrades : Pixels & HCAL

• Extended year end stop (EYETS) 2016/17 
• Replace pixel detector

• Replace HCAL endcap photodetectors and FE electronics

• Replace HCAL forward electronics

19

Pixel Phase 1 Upgrade

• DAQ
� mTCA firmware development ongoing

� a-version of the 24-ch FED f/w under test
• tk-FEC f/w ~ready
• px-FEC f/w: a-version for GLIB, migration to FC7 

in progress
• Procurement of final FC7 boards and mezzanine 

underway

• Pilot system in CMS
– System (with VME) ran stably during last 3 

days of HI run
• Errors investigated on lab test-bench

– Migration to mTCA FED/FEC for 2016 run
• cDAQ outputs and TTS function being 

integrated into prototype FED f/w

• CO2 cooling plants at P5 are operational
– Solution of the vacuum insulated transfer 

line issue being applied this month

24
FPIX Pilot blades

24 channel uTCA FED prototype
Pixel Phase 1 Upgrade

• Module production
– BPIX

• >50% of good BPIX bump bonded modules 
produced

• ~450 good BPIX full modules produced
– 1184 (~1400 with spares) total foreseen

• Cruise speed not reached yet
– One production center restarted last week after 

a pause in the bump bonding step
– One production center recovering from a low-

yield debugging period

– FPIX
• Production started in January due to a “High 

Density Interconnects” production problem: 
now solved !!

• ~10% modules produced: checkpoint today
– ~900 modules in total, spares included

22

BPIX 
Layer 2+3+4 Slower rate:

delay in testing
and DB registration

BPIX
>100% required 

modules assembled

~70% required 
modules assembled

July 7 , 2016 A. Heering,  CMS HCAL collaboration

HE production package

9

- Thin Quartz window with anti reflective coating and filter 
!
- Easy handing of many SiPMs 
!
- Alignment to pin holes on side of package

HPK made Custom SiPM in  
Kyocera package

S10943-4732!
S10943-4733

HCAL endcap 
Si-PMs

P. Sphicas 
News 

HCAL Phase-I Upgrade 
■  HF front-end 

◆  Robot testing of new QIE10_2016 ASICs continues at FNAL; selection of good 
chips sufficient to populate all HF FE cards (+spares) should be available next 
week 

◆  OK to start rework of the QIE cards (to replace QIE10_2015 chips with new/
improved QIE10_2016 chips given (yesterday) 

■  HE front-end  
◆  Continuing work toward early installation during EYETS 2016/17:  

●  hardware production, firmware and software development 
◆  Production and QC of Optical Decoder Units (ODU) is complete 

●  This is where the optical geometry (towers and long. segm) is implemented 
◆  Item currently requiring most attention: production of SiPM mounting cards. 

33 

QIE10 HE SiPM 
mounting cards 

HF QIE cards HE ODU assembly 

Jul 21 2016 
CMS Weekly General Meeting 



Phase 2 Upgrades

• Substantial detector upgrades required during LS3 
• Tracking, calorimetry, muon systems, trigger, DAQ 

• Ongoing R&D and design studies converging 
• Sub-detector TDRs planned in 12-18 months; Trigger & DAQ follow in 2019

20

4"

•  Project"schedules"are"driven"by"two"main"stages:"R&D"and"produc3on"3me"

•  Engineering"Design/System"Reviews"(EDR/ESR)"validate"final"component"and"

assemblies"for"produc3on"

•  TDRs"establish"scope,"baseline"design,"feasibility"with"demonstra3on"of"key"

components"H"Allowing"(synchronized)"resourcing"at"a"sufficiently"early"stage"

CMS"Phase"II"upgrades"overall"plan"and"preliminary"schedule"

•  Schedules"&"repor3ng"milestones"to"EDR"will"be"presented"in"Sep."for"2017"TDRs"
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29.06.2016 G.Sguazzoni

Tilted layout
• 3 innermost layers partially with tilted geometry
‣ solves geometrical stub inefficiency [more on this later] 
‣ reduced number of PS modules (from ~7000 to ~5700 PS modules)
‣Mechanical structure more complicated!

• Started working on real Phase2 pixel detector design

16

Phase 2 : Tracking
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strip+strip modules

90μm x 5cm

pixel+strip modules

100μm x 2.5cm 
100μm x 1.5mm

pixel coverage 
up to eta<4tilted 

modules ?

pixel modules

25μm x 100μm 

or 50μm x 50μm
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strip+strip modules

90μm x 5cm

pixel+strip modules

100μm x 2.5cm 
100μm x 1.5mm

pixel coverage 
up to eta<4tilted 

modules ?

pixel modules

25μm x 100μm 

or 50μm x 50μm

Tilted TBPS

Mechanics overview, 22July2016 / AO, indico: 548659 34

• Modules mounted on Rings
• Rings of one layer end joined by longitudinal profiles

• Optimisation of the tilted geometry on-going now (physics & mechanics)



Phase 2 : Tracking
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PPAP Community Meeting, 24th Sep 2015 Dave.Newbold@cern.ch                                                                

UK R&D: Tracker Module Tests

‣ Successful beam test of first ‘stacked’ module prototypes
22

low mass, high density 
interconnect layer

two layers of sensors. 
signals from lower sensor routed
on vias through substrate

8 x 254 channel
CBC chips bump-
bonded to substrate

concentrator
and controller ASIC

DC-DC converter

optical transceiver

5cm

5cm

90 µm pitch strips

8 x 254 channel
CBC chips bump-
bonded to substrate

•  ~15000%modules%transmi2ng%%
–  pT6stubs%to%L1%trigger%@%40%MHz%
–  full%hit%data%to%HLT%@%0.561%MHz%

Pass Fail

Upper sensor

Lower sensor

1-2 mm

~200 µm

~100 µm

R

φ

~8400 2S-modules 

EXP.  pT cut:  2.14 GeV/c 
FIT:   pT cut:  2.17 GeV/c 
         σ:            0.1 GeV/c 

reconstructed%pT%cut%of%
r=75cm%layer%

2S Module

Double layer Si strips 
90μm pitch x 5cm length 
Track stub identification for L1 Trigger

UK
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CMS UK July 2016

CBC3

• Full-feature prototype

• Final(?) logic

• 512 cell pipeline

13

CBC 
• Binary FE readout ASIC 
• v2 demonstrated 

• 2S module prototypes 
• successful beam tests 

• v3 design nearing completion 
• modified analogue FE 
• full pipeline depth 
• final logic (?)

UK



Phase 2 : Tracking
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Hough Transform Implementation Results

13

• MP7 implementation
• Virtex-7 FPGA

• 18 HT arrays implemented in one MP7 
board

Hough Transform Algorithm
• Step 1: for each stub calculate φ58 for each q/pT

• Step 2: fill the stub into the corresponding cells of a 32x32 track 
parameter array
– Ignore q/pT values that inconsistent with the stub bend

• Step 3: Identify cells with stubs from at least 5 different layers as track 
candidates

9

Track finding for L1 trigger 

FPGA implementation of a 
Hough Transform 

Demonstrated in hardware 
using MP7-based system

UK

Hough Transform
• Performs track finding in the r-φ plane

• Tracks originating from the beamline represented in the r-φ plane with just 2 
parameters: q/pT and φ58

• A track can only pass through a given stub (r58, φ) if it satisfies: 

• Through the HT each stub corresponds to a straight line in the track parameter 
plane

• The point where several straight lines intercept corresponds to a found track

8



Phase 2 : Endcap Calorimeter

• Current calorimeter will not remain 
performant after LS3 
• Due to radiation damage and 

high pileup


• Hexagonal silicon sensors 
• Modules arranged into wedge-

shaped cassettes and inserted into 
absorber 

• 593 m3 silicon, 6M channels 

• UK initiation & leadership

26
6 Jul 2016 

Overview&

2 Paul Dauncey 

System&divided&into&three&separate&parts:&
•  EE&–&Silicon&with&tungsten&absorber&–&28&sampling&layers&–&25&Xo&(~1.3&λ)&
•  FH&–&Silicon&with&steel&absorber&–&12&sampling&layers&–&3.5&λ&
•  BH&–&ScinVllator&with&steel&absorber&–&11&layers&–&5.5&&λ&

ConstrucVon:&
•  Hexagonal&SiXsensors&built&into&modules.&
•  Modules&with&a&W/Cu&backing&plate&and&

PCB&readout&board.&
•  Modules&mounted&on&copper&cooling&

plates&to&make&wedgeXshaped&casse\es.&
•  Casse\es&inserted&into&absorber&

structures&at&integraVon&site&(CERN)&

Key&parameters:&
•  593&m2&of&silicon&
•  6M&channels,&0.5&or&1&cm2&cellXsize&
•  21,660&modules&(8”&or&2x6”&sensors)&
•  92,000&frontXend&ASICS.&
•  Power&at&end&of&life&115&kW.&

EE - Silicon + tungsten absorber, 28 layers, 25 X0 (~1.3λ) 
FH - Silicon + steel absorber, 12 sampling layers, 3.5λ 
BH - Scintillator + steel absorber, 11 layers, 5λ

UK



Phase 2 : Endcap Calorimeter

• Hamamatsu : 6” sensors delivered 
• Infineon : 8” design submitted 
• Novati : 8” half-hexagon delivered

27

17"""Endcap"Calorimeter"R&D"progress"

•  SiHSensors:""

•  HPK:"delivered"100µm,"200µm"and"300µm"
high"quality"128Hch"pad"sensors"on"6”"
sensors.""256Hch"sensors"being"produced.""

•  Infineon:"8”"design"finalized,"submission"
ongoing"

•  Nova3:"Received"halfHhexagon"on"8”"
sensors."Being"evaluated."

Hamamatsu:"Leakage"current,"CV"and"Capacitance"measurements""

Infineon"design" Nova3"halfHhexagon"

17"""Endcap"Calorimeter"R&D"progress"

•  SiHSensors:""

•  HPK:"delivered"100µm,"200µm"and"300µm"
high"quality"128Hch"pad"sensors"on"6”"
sensors.""256Hch"sensors"being"produced.""

•  Infineon:"8”"design"finalized,"submission"
ongoing"

•  Nova3:"Received"halfHhexagon"on"8”"
sensors."Being"evaluated."

Hamamatsu:"Leakage"current,"CV"and"Capacitance"measurements""

Infineon"design" Nova3"halfHhexagon"

Measurements of Hamamatsu sensor
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19"""Endcap"Calorimeter"R&D"progress"

6”"Sensor" Module"

FNAL"test"beam"

SKIROC"

•  Modules:"successful"assembly"of"first"modules"for"FNAL"beam"test"

Step/4/

Successful module assembly for Fermilab test beam
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19"""Endcap"Calorimeter"R&D"progress"

6”"Sensor" Module"

FNAL"test"beam"

SKIROC"

•  Modules:"successful"assembly"of"first"modules"for"FNAL"beam"test"

Step/4/

Successful module assembly for Fermilab test beam

20"""Endcap"Calorimeter"R&D"progress"

6”"Sensor"

Module"

Step/4/

•  "FNAL"beam"test"preliminary"results"
•  First"HGCAL"silicon"module"in"April"test"beam"
•  5"more"now"installed"for"MayHJune"tests,"then"aim"for"full"28"layers"EE"for"July"test."

HPK"6”"200um"thick"sensors"
32"GeV"electrons"aser"6X0""

•  "CERN"2015"3ming"test"
•  Pad"3me"resolu3on"≳"30"ps"for"Signal"to"

Noise"ra3o"S/N"≳""20"""
•  Pulse"shape"measurements"with"irradiated"

sensors"being"analyzed"H"preliminary"
results"indicate"a"good"behavior"



Phase 2 : Endcap Calorimeter

3027 Jun 2016 

One&(of&many)&possible&TPG&architectures&

19 Paul Dauncey 

• Strongly&depends&on&assumpVons;&here&

•  ~4k&lpGBT&10Gb/s&links&from&each&endcap&

•  IniVal&2D,&then&3D&clustering&(simplified&version&of&offline)&

•  24Xfold&Vme&mulVplexing&central&L1T&processor&(“correlator”)&

Stage 2 Stage 3 Correlator

x28 nodes
= 56 nodes

x96 links x3 links

x24 nodes

x12 links

x96 links

x28 layers

Stage 1

x24 nodes

•  "SKIROC2HCMS"chip"for"CERN"beam"tests"(autumn"2016/17)"back"from"fab"
•  "Includes"HGC"features:"

•  "Short"shaping"3me"(~"25"ns)"
•  "40"MHz"sampling"
•  "ADC"+"TOA"(~"50"ps)"+"ToT"
•  "pHonHn"and"nHonHp"readout"

"
"
"

•  Progressing"with"FE"ASIC"design"(in"prepara3on"for"V1"ASIC"and"the"TDR)"
•  Specifica3ons"are"defined"
•  Test"Vehicles"(TV1)"in"130"nm"are"submimed:""includes"+ve"and"Hve"input"

preamps,"discriminators,"shapers"
•  Now"preparing"Test"Vehicles"(TV2)"for"a"full"analog"channel,"digital"sum"for""

trigger"path,"and"common"services"(for"autumn"2016)"

18"""Endcap"Calorimeter"R&D"progress"

FE ASIC prototype 
SKIROC2-CMS 
Testing in UK

Trigger primitive generation 
3D shower reconstruction in 
hardware/firmware

UK



Phase 2 : Trigger

• State of the art offline reconstruction: “particle flow” technique 
• Can we achieve (something like) this in L1 trigger hardware ?


• Interim Document to accompany Tracker/Calo/Muon TDRs 
• Trigger/DAQ TDRs follow in 2019


• UK leadership
31

HGCEB HB HF GEMDT CSC RPC

Calo Trigger Muon TriggerCorrelator

Global

Tracker Pixels?

UK



Summary

• LHC and CMS both performing extremely well in 2016 
• Great potential for discovery with incoming 13 TeV dataset

• Results so far use 1% of the total envisaged LHC dataset !


• Successfully balancing operations, exploitation, upgrades 
• Maintaining expert effort is critical in achieving this


• Upgrade programme is well underway 
• Phase 1 Trigger successful - (very) substantial UK involvement

• Phase 2 activities now coming to the fore


• R&D, design studies, detailed planning

• UK highly active in Tracking, Calorimetry, Trigger

32
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750 GeV Excess
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750 GeV Excess
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Physics : Higgs
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 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
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