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Large Hadron Collider (LHC) @ CERN

Multi-purpose hadron collider: p+p, Pb+Pb, p+Pb

e Former LEP tunnel Searches for new physics at four

~100m undergrot
e CMS and ATLAS...

* General purpose detectors to
study Higgs & search for physics
Beyond the Standard Model

LHCb...

e Detailed studies of b-quark

ALICE...

* The heavy ion experiment

CMS -

This talk:

_ " Compact Muon Sclenoid
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Outline

e Reminder of the CMS detector

— Design and functionality

e Essential aspects of Run-2
— Operational efficiency
— Detector performance

e CMS detector upgrades
— Motivation: pileup
— Status of Phase-1
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CMS is designed, built, operated,
calibrated, and physics results extracted by
... an international collaboration

Map Satellite
lceland

' Terrain

Russia

North
Atlantic
Ocean £
Algeria | |jpya | EoYPL
: - Saud| Arabia
Mali | Niger | Sudan |
3 ek Chad
IS ) Nigevrina'{ O o Ethiopia
A N + DR Congo} ™ =,
-, 4 Y Indonesia “Papua New
i o \Tanzania uinea
Peru v Angola 1" A
*_ Bolivia e ‘ I f;
Fia ""“8 at Madagascar LRGan
b7 South olswana Ocean Australia
Chile) : v
g 74 Atlantic e) +
) Ccean South Africa
[ Argentina

GO gle Map data ©2016 Terms of Use

15 Aug 2016 G. Rakness (FNAL)



CMS is a beautiful detector...

... with a functional design
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Compact Muon Solenoid detector

Protons collide in the center of the CMS detector...
On their way out, particles encounter the following...
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Weight = 14.5kton
Diameter = 14.6m
Length = 21.6m
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Compact Muon Solenoid detector

-.———--.-.1I

. Silicon pixel and
| strip tracker
' (Inl<2.5)

Weight = 14.5kton

Diameter = 14.6m 3.8T superconducting magnet |
Length = 21.6m
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Compact Muon Solenoid detector

Electromagnetic calorimeter

(In]<3.0)
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Weight = 14.5kton

Diameter = 14.6m 3.8T superconducting magnet | - ===t
Length = 21.6m
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Compact Muon Solenoid detector

Electromagnetic calorimeter
a0 (Im[<3.0)
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Compact Muon Solenoid detector

Muon detectors interleaved with magnet return yokes ) :
: Electromagnetic calorimeter

* Drift tubes (|1 |<0.9) | o (In1<3.0)

* Resistive plate chambers (|1 |<1.6) : ———

* Cathode strip chambers (0.9<|n|<2.4) ": By
-Ii.l-'.l

T

- — _ Silicon pixel and
| D S strip tracker

Weight = 14.5kton
Diameter = 14.6m
Length = 21.6m
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CMS goal: discover new physics

Some of the observables to be detected include...

—H > Z+Z - 4leptons Higgs rediscovery at Vs=13 TeV
- H 9 y + y CMS Preliminary 129 fo' (13 TeV)

> 4sF ] ! T =
—H%’C'l"fel'l'jEt (3402— égz:gs) =
_ 7 9 et + e~7? 2 35 E ggiiii 2 =
| L%’ 302_ B Z+X E
— Missing E; di-jets, 25 3
heavy lons 20F- -
Over 70 new results  F E
so far in 2016... s i -
iy N “| il ” I| ]
http://cms-results.web.cern.ch/cms- 0 1222

80 100 200 300 400 “500 600 800
m,, (GeV)

results/public-results/preliminary-
results/ICHEP-2016.html
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Run: 275074 Event: 43404319
Vs =13 TeV

pp 2 WZ Spv + pp
Mz =96.9 GeV

Muon
p;:40.1 GeV
! _(;L:j Muon
¢: 0. p;:36.6 GeV
n:1.39
b 1.41
| Event display
! E™:37.4GeV € \Waz
Muon ¢:-1.55 0 +
b, :56.3 GeV production at
n:-2.33 CMS
b :-2.60
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Jet 1,
pt = 3.61 TeV
eta = 0.32
phi = 0.64
Event display
T of back-to-
pt=3.38 Te e ) . .
ola = 0.0 back jets with
largest
invariant mass
seen at CMS
(M, = 7.7 TeV)
CM3S Experiment at LHC, CEEM ‘
Daia recorded: Thu May 12 00:40:47 2016 EEST
Run/Event: 273158 / 238962455
Lumi section; 150
Dijet Mass. 7.7-TeV
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Summary so far...

e We have seen a short reminder of...
— What CMS was designed for
— Rediscovery of the Higgs

— Potential to see large invariant masses

 Next we move to a taste of...
— LHC and CMS Operations
— CMS detector performance

15 Aug 2016 G. Rakness (FNAL)
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LHC increase lumi Run-1 =2 Run-2

Increase number of bunches by
Number of particles per V reducing spacing between bunches
Number of bunches (50ns = 25ns)
Revolution frequency
Reduce transverse size of the

beams in the injectors

Normalized emittance
Reduction factor due to crossing angle

Beta function at Interaction Point
\ Decrease the “focal length” at CMS

(60cm > 40cm)
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LHC “typical” fill

CMS: Fill 5154 Instantaneous Luminosity ® CMS Online Lumi
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2016.08.01 22:55:39 to 2016.08.02 10:30:58 GMT Time

Maximum peak lumi in Run-2 = 1.6x Run-1 max (so far)
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With increased lumi, LHC is delivering
at record pace

CMS Integrated Luminosity, pp, 2016, vs = 13 TeV So farin 2016, LHC
’

e~ 55 has delivered
- LHC Dellvered 22. 37 tb_ 22 fb_]_

1 CMS Recorded: 20.63 b !

Data included from 2016-04-22 22:48 to 2016-08-13 11:53 UTC

N
192

N
o

120
There are 8 more

1,5 weeks of running
left in 2016...

CMS Online Luminosity

[
8]
I

()
o

110

If LHC continues at

Is the same pace,
could deliver

o 30-40fb1in 2016

9]
T

Total Integrated Luminosity (ib ')

0
6 p.Q‘ @a*$a*¢04‘haivhai \ \o \\) \\) \\) Jo \\)\ N)Q P‘\)‘b
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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With increased lumi, CMS continues to
collect data efficiently

CMS Integrated Luminosity, pp, 2016, vs = 13 TeV 2016 CMS data

Data included from 2016-04-22 22:48 to 2016-08-13 11:53 UTC

~25 — 25 collection

" I LHC Delivered: 22.37 fb .. .

e = CMS Recorded: 20.63 fb ' efficiency is

> 20 120

2 92.2%

g CMS Online Luminosity

E 15 115

3 CMS has complex
T . .

£ 10| |, Machinery m. place
5 to automatically
Q .

E .| | keep data collection
5 running to achieve
(o) . . . e

= o this high efficiency

0 L L L L L L L ! 1 I | 1 L | !
< O o aa® a® W) awd W wd
165 “‘g"‘;ﬁ"’f: "3,““&1 W8 1% W0 W0 Wo i) s pe®
Date (UTC)
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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CMS running efficiency “deadtime” dominated

CMS “dead” = running but triggers vetoed

CMS: Fill 4990 Deadtime

: 12_ [ | [ [ [ | [ [ [ | |I [ [ |
T | am ow - . | - u an - —
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2016.06.05 19:01:37 to 2016.06.06 06:34:04 GMT Time
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Typical “deadtime” ~3%
— decreases with
trigger rate and lumi

When soft errors occur
(radiation)
—> recovery action
automatically initiated

... deadtime increases

temporarily, then CMS
keeps on running...
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CMS collects high quality data efficiently

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data Included from 2016-04-22 22:48 to 2016-07-22 15:01 UTC
20

- LHC Dellvered 18 3 tb‘
[ CMS Recorded: 16.9 i !
B=3.8 T, Validated: 15.9 !

[
(6]

CMS Preliminary

et
o

)]
T

Total Integrated Luminosity (fb ')

._.-”'
0 -
7 pe" &“ N’S @\0“ W \°“g\ \°,ﬂ,\ ° \°“ e,\‘\;a\ o\
Date (UTC)

94% of logged data

— 20

certified good for
every analysis
115
Most data which are not
“Gold” are due to (isolated)
infrastructure issues

15

For results @ ISHBSM...
* 15.0/fb delivered

—lo + 13.8/fb recorded (92%)

 12.9/fb “Golden” (93.5%)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/DataQuality

15 Aug 2016 G. Rakness (FNAL)
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CMS detector performance

Next slides give a taste of the quality of
CMS subsystems...

... using physics standard candles to
qguantify their performance

15 Aug 2016 G. Rakness (FNAL)
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CMS Silicon Tracker: vertex reconstruction

candidates / MeV

13 TeV 6.38fb~

A° mass dependencies well described by simulation:
n, ¢, py, decay length

15 Aug 2016

G. Rakness (FNAL)
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normalized n° mass

CMS Electromagnetic Calorimeter:
calibration and resolution (1/2)

CMS prellmlnary 2016

_I | | . LI | LI | LI E L i | L I L . 1 I_
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CMS Preliminary 0.1 " (13 Tev)
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ECAL calibration
uses a laser to
monitor and correct
for transparency loss
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CMS Electromagnetic Calorimeter:
calibration and resolution (2/2)

CMS Preliminary 12.9fb" (13 TeV)

> e —_—

§103 : EBEB — Ei?r%%del

1Q\| — T 1 S.d.

*%102 3 rasd The mild excess near

o T Myy~750 GeV

3 o reported by CMS
L ! with 2012 and 2015
= H data is not confirmed
T.,:III:I,.:...:,. with 2016 data
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Events / GeV

CMS Muon Chambers: Drift Tubes,
Resistive Plate, and Cathode Strip (1/2)

20 pb™' (13 TeV)

1 08 E Trigger paths
- CMS .
10" = Preliminary -
- JIy v
100 & b B, CMS muon
= . Y detectors cover a
5 B low mass double muon + track .
10 EE double muon inclusive wide range of
- kinematics
4
10 : ya
10° ;? ... this plot comes
= directly from the
2 L . .
107 g High Level Trigger
10 ; selection of muons
= “out of the box”...
1 B | I | | | I | | | I | | MMH\.“

1 10, .. . 10°
uwu invariant mass [GeV]
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CMS Muon Chambers: Drift Tubes,
Resistive Plate, and Cathode Strip (2/2)

%) 22000

= 50000
o
N 18000
(7))
£16000
L 14000
W 12000
10000
8000
6000
4000
2000
0

0.9 fb* (13 TeV, 2016)

Preliminary s = 63MeV
P, > 8GeV
y" " <1.25
* 'h™ <0.9

15 Aug 2016

9 9.5 10 10.5 11

ntm invariant mass [GeV]

G. Rakness (FNAL)

... With
excellent
resolution,
to boot...

(Heavy ion
physicists study
the suppression of
the Y(nS) states)
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Summary so far...

e Compared to Run-1, LHC has increased the
instantaneous luminosity by ~160%

* CMS continues to collect high quality data
efficiently with highly performant subsystems,
even under more demanding collision conditions

 What is going to happen as LHC continues to
increase the luminosity?

Next page...



Expectations: long term

From M. Lamont (CERN) at Moriond 2015
(https://indico.in2p3.fr/event/10819/session/3/contribution/109/material/slides/0.pdf)

Luminosity [cm2s1]

6.0E+34

5.0E+34

4.0E+34

3.0E+34

2.0E+34

1.0E+34

0.0E+00
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LHC baseline for Run 2

From talk by M. Lamont (CERN) at EPS

(https://indico.cern.ch/conferenceOtherViews.py?confld=218030&view=standard#2013-07-23)

Runll - post LS1
BCMS = Batch Compression

* Energy: 6.5 TeV
® BunCh SpaCIng: 25 ns andMergingandSp‘litting

— pile-up considerations

* |Injectors potentially able to offer
nominal intensity with even lower
emittance

Number Ib Emit . Int. Lumi
Peak Lumi
of LHC LHC fem2<1] per year
bunches | FT[1lel1] [um] [fb1]
L1501 ~45

25ns

BCMS 2590

18

15 Aug 2016 G. Rakness (FNAL)

29


https://indico.cern.ch/conferenceOtherViews.py?confId=218030&view=standard
https://indico.cern.ch/conferenceOtherViews.py?confId=218030&view=standard
https://indico.cern.ch/conferenceOtherViews.py?confId=218030&view=standard
https://indico.cern.ch/conferenceOtherViews.py?confId=218030&view=standard
https://indico.cern.ch/conferenceOtherViews.py?confId=218030&view=standard

As the lumi increases, the pileup increases
From a test fill in 2012...

Run 198609 event 3565522 LS 56

Lots and
lots of low
energy stuff — |

78 (1)
vertices

cms.web.cern.ch/news/reconstructin i article-tracks-within-cms
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Example: Phase-0 L1 Trigger w/high pileup

From test fill in 2012: triggers of clustered hadronic energy > 200 GeV

e R BRI UL IR IR s

H ® Run198269 <PU>~24| L

da)
=
=

(6]

o

o]
T

Run 198603 <PU> ~42 _______________ _______________ _______________

For some Run-1 triggers, rate
could increase by 1000x for
pileup increase of 2.3x

: # Run 198609 <PU> ~60

=]
o
CJ'

- CMS Preliminary 8TeV .

......,................_...............................,...............:...............;...............;...............:...............;.

(o)}
o
C}

DatafromhlghplleUprunS*

Need to upgrade
Trigger for Run-2!

rate (for 2 colliding bunches) [hz]

100 6E33 1E34 14E34
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3
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3
IIIIIIIII|IIII|IIII|IIIIIIIII|IIII|IIII

9]

(=]
o (=]
|||||||||||||||||||||||||||||

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]III

25 30 35 40 45 50 55 60 65
<pile up>
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CMS upgrades the detector to handle
expected increases in pileup...

 “Phase-1” underway: dates for operation are...
— 2016: added processing power to the Level-1 (L1) trigger
— 2017: add another layer of silicon tracking (Pixels)
— 2017-2018: refine granularity of hadron calorimeter

* “Phase 2”: Technical Design Report being fleshed out

— Likely to include tracking, trigger, calorimeter, muon... in
other words, most of CMS!

Next couple of slides touch the Phase 1 upgrade...
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Summary: L1 trigger Phase-1 upgrade

* Concept: use optical fiber to
transport high resolution data to
large FPGAs mounted on
electronics with a small footprint
(UTCA telecommunications
standard)

— Subtract pileup event-by-event
— Improve tau identification

— Improve position resolution

— Optimize muon tracking

* Upshot: the CMS Level-1 trigger
upgrade has been operational
since the first collisions of 2016

15 Aug 2016 G. Rakness (FNAL)




Efficiency

Example of improvement with Phase-1

o
00

o
o

©
~

0.2

15 Aug 2016

CMS Preliminary 2016 Data

upgrade of L1 Trigger

3.1fb" (13 TeV)

—_—

With Phase-1
upgrade, Missing
transverse energy

trigger remains
efficient even as
pileup increases

L1 MET > 80

O
IA
T
C
A
—
'S
|

14 < PU < 22
22 <PU i

|III III|III - 1 1 1
0 20 40 60 80 100 120 140 160

| | IR B
0 180 200
Offline ET'*° (GeV)
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2017: CMS Pixel Phase-1 upgrade to be installed

Example of limitation in Phase-0 Pixels:
“dynamic inefficiency” at high pile up + trigger rates

CMS Preliminary 2016 {s=13 TeV (25ns)

—
o
=

Phase-1 pixels to have...

* One more layer but
reduced material

* Improved readout chip
to improve efficiency

0.97§ ............................. ________________________________ _____________________________ Nv‘lth pileup
. eBPixlayert (this will go away!)

0.96] = B BPIX, LAYOE2 |
i + BPix, Layer 3 ' T
v FPix, Disk 1
| » FPix, Disk 2 i
| ] || ] | L1 1 | ] || ] L1 1 | | ] || ] |
0-954g 15 20 25 30 35
Average Pile-up

15 Aug 2016 G. Rakness (FNAL) 35

0.99

Hit Efficiency

0.98




Summary and Conclusion (1/3)

e CMS and LHC operating extremely well in Run-2

— For \s=13 TeV results at this ISHBSM...
e 15.0 fb~! delivered by LHC
e 13.8 fb~! recorded by CMS
e 12.9 fb~! certified as good for all analyses

* “Phase-1" upgrades in process of being installed
to handle higher pileup/lumi

— Already installed for 2016: Level-1 Trigger
— To be installed 2017-2018: Pixels +Hadron Calorimeter

* “Phase-2" upgrade planning underway

15 Aug 2016 G. Rakness (FNAL) 36



Please enjoy ISHBSM plenary talks by
CMS speakers! (2/3)

Higgs boson production and decays
— Mingshui Chen (IHEP)

BSM Higgs searches

— Li Yuan (Beihang University)

SUSY searches

— Teruki Kamon (TAMU)

Exotics searches

— Huagiao Zhang (IHEP)

Di-Higgs and prospects (ATLAS+CMS)
— Martino Dall'Osso (INFN-Padova)



Please enjoy ISHBSM parallel talks by
CMS speakers! (3/3)

Measurement of differential and integrated fiducial cross
sections for Higgs boson production in the four-lepton
decay channel in pp collisions at Vs =7,8, and 13 TeV

— Ahmad Muhammad (IHEP)

Search for heavy resonances decaying to WW in
semileptonic channel at CMS

— Huang Huang (Peking U)

Electroweak W+y production in association w/two jets at
\s=8 TeV

— Daneng Yang (Peking U)

Search for heavy neutral Higgs in di-boson final state

— Tongguang Cheng (IHEP)

Search for displaced leptons in the e-u channel at CMS
— Bingxuan Liu (OSU)
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LHC roadmap: according to MTP 2016-2020 V2
=> 24 months + 3 months BC

- Physics
- Shutdown

LS2 starting in 2019
LS3 LHC: starting in 2024
Injectors: in 2025

LHC
Injectors

LHC
Injectors

Run 2 LS 2
o PHASE 1
2022 2023 2024 2025 2026 2027 2028
Q1|@2|a3|a4|a1|a2|a3|a4 (a1 |az2|a3|a4|a1|a2|a3|a4|al |a2|a3|a4]al @2 a2 @4|al (a2 |a3|a4
LS 3 . i Run 4
° > —— PHASE 2
2029 2030 2031 2032 2033 2034 2035
a1]c2ias]as]|a1]az]a3]a4|a1]a2]a3]as|a1]az]a3]as|a1]azTe3]a4]a1 [a2]a3]a4 |a1 [a2]a3]as

LHC
Injectors

=> 30 months + 3 months BC
=> 13 months + 3 months BC

Beam commissioning
- Technical stop

2015

2016

2017

2018

2019

2020

2021

LS 4 I Run 5

https://Ihc-commissioning.web.cern.ch/lhc-commissioning/schedule/LHC-long-term.htm

15 Aug

2016

G. Rakness (FNAL)
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2 CMS in EYETS 2016-17

Coordimnation

Extended Year End Technical Stop:
Requested by CMS for installation of the CMS Phase 1 pixel tracker (origmally targeted for LS2)
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Radiation damage in endcap of Hadron
Calorimeter

meeees, o Plan to accelerate
| ] = stallation of
upgrade hadronic
-1 endcap to mediate
1 radiation damage as
a result of excellent
LHC performance
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Muons/0.5 ns

CMS Drift Tubes: accurate timing
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Luminosity increases during Run-1

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

=
o

Peak Delivered Luminosity (Hz/nb)

CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

10
2010, 7 TeV, max. 203.8 Hz/ub
2011, 7 TeV, max. 4.0 Hz/nb
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Run-1 peak performance numbers

* Max. inst. lumi = 7.7x1033/cm?/s (design = 1x1034)

Number of bunches = 1380 (design ~ 2200)
Bunch spacing =50ns (design = 25ns)
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From the point of view

of peak instantaneous
luminosity per bunch,
LHC Run-1 exceeded
the specs by ~140%
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