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Talk Outline

® Current status of CMS
> Detector
> Physics

® CMS detector upgrade plans to exploit High Luminosity LHC (= 2026)

(both with emphasis on CMS/UK activities ..).
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Current Detector Status:
Data Taking

® Data taken:
> Js=7-8 TeV: 30/fb in 2010-2012.
» [s= 13 TeV: 45/fb in 2015-2016 + 45/fb expected in 2017.

CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2017-05-23 14:32 to 2017-07-16 18:14 UTC
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Current Detector Status:
New Pixel Tracker Installation

® Major upgrade in 2016/17 shutdown:
> New silicon Pixel Tracker.
» One extra layer --- improved b tag performance.
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» 97% of tracks passing through 4 layers
produce hits in at least 3 of them.
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Current Detector Status:
UK responsibilities

® UK constructed ECAL endcap, Tracker readout electronics & L1 trigger.
» Ongoing responsibility to maintain them.

® Senior CMS coordination roles of UK people reflect this:
> ECAL (+ e/y reconstruction)

G600

> e.g. Calibrating & understanding ECAL ——m—

400

> High Granularity calorimeter (HL-LHC) m’—vyy invariant mass
> L1 Trigger ECAL Endcaps
. CMS Preliminary 2017 251" (13 TeV)
» Run coordinator T P A . B B R B I
» Exotica Physics Em‘_zo 17 —+ ::aumkwnd .
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Current Detector Status:
UK responsibilities

® UK led L1 trigger system upgrade in 2015/16 shutdown, to handle higher luminosity.

» UK FPGA-based nTCA card ("MP7")

replaced several components o NS Profminay 221 gt (2016) s S3py (2017) (13 TeV)
of trigger system. I e B e e T
> UK supplied firmware & software. .g -
= n
LU - Li Elngln EG :
Thre-shul:l 33 Ge‘-.f-t-lsnlaﬂan
® Excellent performance during 2016. 0.6 T R R R

<PU> = 24

® Achieved in 2017:

» Improved calibration for
even sharper fturn-on curves.

> L1 can cut on variables like
di-particle invariant mass.

# 2017 Data, X=40 GeV

. m 2016 Data, X=42 GaV
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CMS Physics Publications

Exotica ® [s=13 TeV since 2015,
with rapidly increasing luminosity.
- SUSY > Exciting period!
|Higgs
1001t quark
] Heavy ion

120

® CMS has published 628 physics papers.

*|Forward physics
80

o Number
Number of citations

Renowned papers

g (500+) e

" Famous papers 26
501 (250-499)

] Very well-known papers 124

30 (100-249)

2] Well-known papers

. (50-99) 17

S & ¥ L9 é” N é\ ® T'll now give examples of physics

3Y v & & o 2" studies with UK involvement.
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Example SUSY search at /s = 13 TeV
with UK leadership
1BOOCMS Preliminary  12.9 fb” (13 TeV)
% pp — 99,9 — bb%® NLO+NLL exclusion 1 g
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Dark Matter searches at /s = 13 TeV

with UK involvement

® Theoretical motivation for dark matter to have weak scale mass & couplings.
> Search for heavy mediator decays to invisible DM particles (EtMiss)

or SM particles (e.g. di-jets).

CMS Preliminary LHCP 2017
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Example Exotica Search at /s = 13 TeV
with UK leadership

® Extra electroweak gauge bosons (W',Z') predicted by many SM extensions.
® Search for Z' > dileptons: mass limit ~4 TeV.
» Strong UK input to e+e- channel, using our ECAL experience.

12.4fb" (13 TeV, ee) + 13.0 fb" (13 TeV, up)
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Example Higgs Boson studies at /s = 13 TeV
with UK leadership

® Improved LHC performance giving access to more challenging SM Higgs decays.
> First observation of Higgs > t+ 1- at 5.90.
35.9fb" (13 TeV)
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Example Top Quark studies at /s = 13 TeV
with UK leadership

35.9 o' (13 TeV)
I I I I | I I I I

‘T> 0.5 CMS |e, 1 + jets combined
5 Preliminary CMS-PAS-TOP-16-016
o)
i’E 0.4 {  Unfolded data
b|b —— POWHEG + PYTHIAS
°® Study t-tbar kinematics: 0.3 === MG5_aMC@NLO (FxFx) + PYTHIA8

== POWHEG + HERWIG++

plot variables like Hy B
------- MG5.aMC@NLO (MLM) + PYTHIA8 ]

not requiring t quark >

reconstruction. 0.2
[CMS-PAS-TOP-12-016]
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® Rare processes:

t quark production in ]

association with Z. 0.8 3 Stat. [ Stat ® Syst. -
0.6 | | |

[10.1007/3HEPO7(2017)003 ] 500 1000 1500
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HL-LHC

at 200 pile-up

“» Major upgrades to CMS required to cope with higher data rates,
occupancies, pile-up & radiation.
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Summary of CMS Upgrades
for HL-LHC

Replace tracker:
+ Radiation tolerant, high
granularity, less material.
+ Extend coverage to ||<3.8
< Reconstruct tracks for L1. |=—

ECAL barrel:
% Upgrade FE/BE electronics.
s Lower temperature.

Replace endcap calorimeter:

1 Radiation tolerant, 3D,
high granularity.

s Designed for particle flow.

L1 trigger & HLT:
s Track info used by L1.

% Longer L1 latency (12.5 ps)
+ Higher trigger rate:
L1=750 kHz, HLT= 7.5 kHz.

' "{Muon system:
“{+% Better coverage to |n|<3

(new GEM/RPC technology)

s Electronics upgrade
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Summary of CMS-UK Upgrades

for HL-LHC
n-detector -detector . Trigger primitive :
front-end readout %%ne?ation | Trigger
P > > BN
Muons BED Y
links BC primitives
" > )

Togk /Barrel calo’. Y FW L1 “correlator”
et EC primitives HW + FW
& > > ™ hweew [V

AT Endcap calo v

Modules ) Tracker readout ) Track Finder
Tracker “CBC” ASIC HW + FW HW + FW
Y
Pixels >
DAQY,

UK Objectives:

*®* Tracker readout ASIC & barrel ECAL opto-links.

*® Off-detector Track-Finder, Calorimeter Trigger Primitive & "L1 correlator”.
» All using same (or similar) FPGA-based electronics board.
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Generic FPGA-based Board
for HL-LHC

® History:
» UK developed "MP7" uTCA board,
with Virtex7 FPGA & with 1 Tb/s capacity.
> Supplied firmware/software framework,
for easy use.
> General purpose: used in several trigger
subsystems (calorimeter, muon, global).

» Variant (FC7) used by pixels + ....

® For HL-LHC, we plan a new "generic FPGA-based board”, targeting calorimeter,
trigger & tracker.

» Maximum impact for minimum cost!
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Generic FPGA-based Board for HL-LHC:
Research & Development

® Built two boards to gain experience with latest Ultrascale FPGAs,
16 (25) Gb/s links & ATCA cards.

1) “"MP-ultra” board:
PCIe, Kintex Ultrascale FPGA
& 16 Gb/s opto-links.

» Test new PCB manufacturing
techniques ...

2) “"ATCA service card" —_— L

> Test ATCA services, powering, k ' L F. A
cooling, on-board CPU,
25 Gb/s test structures ...

* Will produce prototype of final board design, meeting CMS needs by ~2019.
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Tracker Upgrades
for HL-LHC

® Reconstruct tracks for use in L1 ftrigger (newl!).

> Only 4”5 to find tracks w02 0 0 ) 12 "
in events arriving at 40MHz! s

> Drives silicon tracker design. il

® Tracker has "Pt+ modules” (UK concept).
> "CBC" ASIC (UK) finds pairs of hits ("stubs")
from particles of Pt > 2 GeV.

> Stubs sent off-detector for use
by L1 track-finder (UK).

I
408884884 4 |:

NI AR :I
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g g
T TI0 T I ]
b= = N N
el e il
e B B e e
e —
T ] % )

Pass 1 Fail
//
Upper sensor
1-2 mm
/ } ~200 um
—| |
~100 pm | { 0O _B) Lower sensor
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Tracker Upgrades for HL-LHC:
"CBC" ASIC Readout Chip

® "CBC" ASIC is UK responsibility.

> Reconstructs & transmits "stubs” (for every 40MHz LHC event)
& individual hits (for L1-triggered events).

< ‘ 5 |
N\ A 5 .
o
£ |
TP -QDEI
| -
) |
w V
0}

Han-rradiaied
placed At a radiis = £4, Bem

Wem -250V, 'n.':r = 106 DAL unils,

® Beam-tests of "Pt+ Modules” 42 P
equipped with CBC chips:
» Good efficiency & sharp Pt
threshold seen.

> Robust against radiation. ‘fl
2

Iradiated to & = 10" ./ o’

placed ab a radius = Slom
Wae= GO0V, ¥ = 1100 DAC unils,
d = 3.05mm

W
14 16 18 2 2.2 24 28 28 3 3.2
P, (GeV)
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Tracker Upgrades for HL-LHC:
L1 Track-Finder

® UK proposed FPGA-based solution to reconstruct tracks.
» Hough transform (HT) for fast, rough tracking in r-¢ plane.
» Kalman filter (KF) to fit & clean tracks in 3-D.

® Exploits "time-multiplexing":
> Several identical tracking processors take it in furn o analyse events,
so each has enough time to reconstruct tracks.

L Demons’rr'a‘red using several "MP7" car'ds equupped with Vnr"rex7 FPGA
"'SRC . SRC . GP
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Tracker Upgrades for HL-LHC:
L1 Track-Finder

® Demonstrator system successfully processed stubs from emulated HL-LHC events.

» High tracking efficiency.
> Latency only 3.7 ps. \IIIIIIII_
'1 il e —

ncy

é i e S e e S = S

Y s S -

o 7

® CMS therefore decided to adopt N i
FPGA-based solution N B

(not alternative ASIC one). [ ]
_ —4— Hardware demonstrator

02 S — —
- —4— CMSSW emulator .

_|||||||||||||||||||||||||||||||||||||||||||||||||
—%.5 2 15 -1 03 0 05 1 12 2 2.5

® Future:
» UK convener of CMS L1 tracking group.

» UK major role in final system hardware (based on "generic FPGA-based board"),
firmware, algorithm design & installation.

> Eerc’r prototype of final L1 ’rmcking board bz ~2019.
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Calorimeter Upgrades for HL-LHC:
High Granularity Calorimeter

® Endcap calorimeter (ECAL+HCAL) to be replaced by High Granularity Calorimeter (HGcal).
> HGcal concept & project leadership from UK.

N m——
-

Silicon
sensors
. a ® Design optimised for particle flow:
W improves energy resolution &
’ e particle reconstruction/identification.
Tracker S > "CALICE" concept
tracks —

Calorimeter

clusters ® Technical Design Report by Nov. 2017
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Calorimeter Upgrades for HL-LHC:
Reconstruction of “"Trigger Primitives”

® UK will reconstruct calorimeter “trigger primitives” (clusters) for use in L1 trigger,
(within ~5us, for each 40 MHz LHC eventl).

> HGcal: algorithm design & firmware + FPGA-based board.
(where electronics is our "generic FPGA-based board")

» ECAL barrel: algorithm design & firmware.

® For HGcal, 2-step process foreseen:

1) Reconstruct 2-D clusters within —_—
each layer of silicon/scintillator.

2) Reconstruction of 3-D clusters
by combining 2-D ones.

® For ECAL barrel, will reconstruct clusters.

» ECAL will be read out with full granularity, for every LHC bunch crossing,
to improve L1 trigger performance.
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L1 Trigger “Correlator”
for HL-LHC

Trigger Primitives

Calorimeter M Tracker
uons
clusters tracks
L1 UK interests
Correlator in green
® CMS L1 Trigger Upgrade project lead by
UK person.
L1
® UK interested in "L1 Correlator”, decision

besides producing “trigger primitives”
for Calorimeters & Tracker.

® L1 correlator combines primitives:
e.g. Track + ECAL cluster = electron.

> Latency target ~3.5 ps.
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L1 Trigger “Correlator”
for HL-LHC

® For "L1 Correlator”, we wish to provide electronics (= "generic FPGA-based board"),
algorithm design, software & firmware.

> Studies of system architecture underway.

> Studies of some algorithms started
(e.g. primary vertex reconstruction, tfrack-jets, particle flow).

® As Ll trigger entirely off-detector, schedule later than for CMS sub-detectors.
> e.g. Technical Design Report in early 2020.

i 2016 : 2017 : 2018 | 2019 | 2020 1 2021 : 2022 : 2023 1 2024 1 2025 | 2026
| | | | |
I I I I I
—— | | | | | | | |
Specifications and ! I I [ I [ [ [
technology R&D Prototyping and | I l I l l l
I I demonstrators 14 5 I I I I I
: : i Pre-production E : : : : :
| | L 1 | | |
: : 1 Production ! : :
| | | |
| |

| I | Commissioning

I
|

| T T

: ' ! Installation and
I

vinal Schadule (vil)
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Conclusions

® Exciting time for CMS:

» Physics results arriving from greatly increased 2016 luminosity
in /s = 13 TeV regime.

> UK leadership in studies of Z' bosons, dark matter, Higgs bosons, SUSY ...

® Recent improvements to detector enhance its performance:
> New pixel tracker
» Upgraded L1 trigger (major UK involvement)

® CMS upgrade plans for HL-LHC becoming clear:
» TDR's of most sub-detectors this year & for L1 trigger in early 2020.

> UK expects to provide "L1 trigger primitives” (calorimeter & tracker)
+"L1 trigger correlator” that combines them.

— Developing generic FPGA board, targeting these applications.
» UK also providing Tracker readout chip ("CBC") & ECAL opto-links.

® UK senior CMS leadership roles in several domains: Exotica physics,
Run Coordination, L1 trigger, ECAL, HGcal, L1 track & L1 trigger upgrades.
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Motivation of HL-LHC:
European Strategy for Particle Physics

Quotation:

"The discovery of the Higgs boson is the start of a major programme of work to measure
this particles properties with the highest possible precision for testing the validity of the
Standard Model and to search for further new physics at the energy frontier. The LHC is in
a unique position to pursue this programme.

Europe's top priority should be the exploitation of the full potential of the LHC, including
the high-luminosity upgrade of the machine and detectors with a view to collecting ten
times more data than in the initial design, by around 2030.

This upgrade programme will also provide further exciting opportunities for the study of
flavour physics and the quark-gluon plasma”
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LHC Long-Term Schedule

. LHC . High-Luminosity LHC
. Aw2 | | Awm3 | Run.
13_14Tevw “long shutda 14 TeV ‘ long shutdo 14 TeV eneray
Civil engineering for 5-10 x Nominal
High-Luminosity LHC High-Luminosity luminosity
Injector Upgrade LHC installation

2 x Nominal
Nominal luminosity

luminosity Experiment upgrade Experiment upgrade

— |

lan Tomalin 20/07/2017 29



Examples of Physics Motivations
for HL-LHC

*®*Precise Higgs couplings (including ppH & HHH coupling sensitivity)

19.7 (8 TeV) + 5.1 (7 TeV) | 3000 b’ (14|1 TeV)
o O] T T T R R R T T TTTTTT] L o :l LR T T T TTTTT T T T TTTTT I:
- "CMS ] _ - CMS - .
& 1 Run 1 t 2 & 1k Projection HL-LHC t'rg
C ; 2 Wa" 3
— - |=-=68% CL 1 ) " | 689 L g .
o '|":|_1 E_ —05% CL _E < 10_1 E_ 0 ) _E
E ---5SM Higgs E ‘ E b . E
— ~ "E -

0% 0% -
- : i i ]
1[:]—3 - (M, E:]' fit - 10_3 :!J _
- =68%CL | 3 S
(04 | ((=PREL WL ~ CERN-LHCC-2015-019 -

0.1 1 10 100 10707 1 10 100
Particle mass (GeV) mass (GeV)

** Improved exotica & SUSY sensitivity (especmllv for rare processes).

— +.-_,

> e.g. Mass range almost doubles for XX, = WHx X,
** 75 observation of B2 uf
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CMS Top-Level Upgrade Schedule
for HL-LHC

| | | | | |
2018 I 2019 I 2020 I 2021 2023 I 2024 I 2025 I 2026

I I I I I
Calendar Year I 2016 I 2017 I I 2022 I
| | | | |
s | 1 T T
, ' x Install.
Tracker: Quter « |~ Engin. § Proto. g | Pre-prod. - Prod. - Inte. Float ¢
Design - Demy. = - Dn.:rni.tall.
Pixel .. Engin. || Proto. & .. Pre-prod. - Prod. - Inte. Float
w Comm.
& I I [ & I Insall. I
B | Calorimet Design - . 8 ..E .- Proto. Q [.. P od| v |... Prod. Float Integ.
arrel Calorimeters esign [llemu e nfjin. - Proto ‘ 8 re-prod| 7 f oa nteg Comm.
l i [Float [install
. \ x , e |... Pre-prod. - Prod. - Inte. Calrimeter Endcap 1 oa .
Endcap Calorimeters DESIEI - Demo. E -j Engn. - Proto. - ... Pre-prod. - Prod. - Inte. Calrimeter Endcap 2 |Float |Comm.
Muons: GEM1 Engin.|ED/SH | Production -Rssembly [Float |Install. Comm. | | | | |
CSC |FE Engin.- Pre-pr:l::l. |ESH|Pmd. |Ins’tall. Dff- detec. |ESH|... Pre-prod. - Prod. -Inte. |Fluat |Insta|l. Comm.
DT z ... Enfiin. - Proto. |EDE]... Pre-prod. - Prod. -Inte. [Float [install. Comm.
GEM2-RPC3/4 Design - Dgmo..| = [0k |... Pre-prod. - Prod. - Inte. Ready to install. Comm.
GEMO |EDE|... Pre-prod. - Prod. - Inte. |[Float [install. Comm.
1 1 1 1
«
Trigger Degign | 2 |... Defno - Engin. - Proto. .. Pre-prod. E Prod. - Inte.. Float Install. Comm.
. &
DACQ/HLT Dsign | 2 |... Defino. - Proto. <--TDR -> ...Pre-prod.  |Prod. - Inte. Float Install. Comm.

® Sub-detector Technical Design Reports in 2017 (except trigger = 2019)
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High Granularity Calorimeter:
additional details

® Silicon sensors are hexagonal to make best use of silicon wafers (6" or 8").
® Scintillator read out by Silicon Photomultipliers.
® Entire HGcal cooled to -30°C to reduce radiation damage.

® Absorber is copper/tungsten (at front) or steel (at back).

® Time-of-flight measurement
(to identify particles from pileup or discover long-lived exotica):

» HGcal also measures time-of-flight.
Resolution for high energy photons may reach < 10ps.

» P.S. ECAL barrel electronics upgrade should also improve its timing resolution.
» P.S. CMS also expects to build dedicated time-of-flight detector.
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CBC Tracker Upgrade Details

® UK CBC responsibilities include module tests & integration.

® More info about pixel tracker commissioning in "CMS highlights” talk
from EPS conference.
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Status of CMS/UK detector upgrade
funding bid for HL-LHC

® We submitted a proposal in Oct. 2016, giving advanced warning of what we
were likely to be bidding for.

® This was approved by the LHC tensioning review, & subsequently by Science
Board.

® We will be submitting a formal bid to PPRP in late 2017, to get funding for the
CMS/UK upgrade project from 2019-2024.
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750 GeV Diphoton Resonance
[PRL 117 (2016) 051802]

33" (13 TeV) + 19.7 b (8 TeV)

(=)
Q ]
107" ! ‘
® |ocal significance - :E
= 340 B :|
102
® Global significance = ik
= Lbo = DX a0, g0
u p my _
® Similar excess seen 13 |— — Combined '
by ATLAS. ; | . aTev E
® More data heeded : CMS ------ 13 TeV 10-47(;01 . I?éol | I741101 I 7éo | 17:30' l lscllol
10 -4 L 1 1 | | | | f»:?x (GeV)
5x10? 10° 2x10° 3x10°  4x10°
m, (GeV)
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