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1"l CMS Collaboration and It’s Goals

The CMS experiment is an international scientific collaboration, involving about
3500 scientists, engineers, and students from 199 institutes in 46 countries.
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CMS Collaboration and It’s Goals

The CMS experiment is an international scientific collaboration, involving about
3500 scientists, engineers, and students from 199 institutes in 46 countries.
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Discovered the last Standard Model particle: Higgs Boson
but... there is more than “just” the Higgs
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CMS Data Taking History

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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CMS Data Taking History

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Oct-14 09:56:16.733952 GMT
Run / Event / LS: 283171 / 142530805 / 254

Meanwhile ...

Every 25 ns 2 bunches of
protons cross inside CMS
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TH
1"l CMS Operations in Run 2

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
CMS in 2016 operated with Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
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i CMS Detector
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What CMS “Really” is...

a 3D digital camera with
~100 Million pixels

.. and can take up to
40 million pictures per second!

= ' We can record only ~ 1000 events/s

Interesting collisions are very rare
(some < 1 per 10 billion!)

D‘.

'

N —
—

We must pick the good ones and
decide fast!

Keep? Throw away?
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CMS Trigger System in Run2

CMS has a 2 tier triggering system to make this decision

Level-1 System

Fast readout of the detector
Limited granularity

Hardware based: FPGA-based

~4 s to take a decision
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CMS Trigger System in Run2

CMS has a 2 tier triggering system to make this decision

Advanced pile up subtraction techniques

CMS Preliminary 2016 Data
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CMS Trigger System in Run2

CMS has a 2 tier triggering system to make this decision

ast readout of the detector
Limited granularity

Hardware based: FPGA-based

~4 s to take a decision

100K events / s

17

High Level Triggering

Full readout of the detector
Higher granularity

Software based: runs on commercial PCs

~200 ms to take a decision
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CMS Trigger System in Run2

ast readout of the detector
Limited granularity

ZZ000EELLLLLTA LA ANNAAN

Hardware based: FPGA-based Software based: runs on commercial PCs
~4 s to take a decision ~200 ms to take a decision
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'l LHC / CMS Computing: Tier System

~100 TB/day |

Tier-0:
 Promptly reconstructs data

~300 TB/day |

7 Tier-1s:
* Responsible for simulation production

Tl
Taiwan
g /l 7 ) -y |

~50 Tier-2s
* Allows for distributed data analysis
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1" LHC / CMS Computing: Tier System

~100 TB/day |

Tier-0:

Tl
Taiwan

l

~50 Tier-2s
* Allows for distributed data analysis
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THy |
Hlis CMS Computing: Cloud &

Challenge: How can we have additional CPUs?
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CMS Calibrations in Run 2

normalized n° mass
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ECAL calibration uses a laser to
monitor and correct for
transparency loss

22

ECAL is made out of transparent crystals.

These crystals get “cloudy” when radiated.

This blases the energy measurement
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CMS CMS Experiment at the
| Data recorded: 2016-

Run / Event / LS: 2765280 268B3
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¢ data

Events/0.5 GeV

M,, (GeV/c?)

Extremely well calibrated
detector. |

Excellent agreement in
simulation and data.

Events/ 1.0 GeV

Data-Pred

10° |

i

ll”l"li- 1 H'l”[

CMS Preliminary

_

231" (13 TeV)

—— data
Zoup

I tt

I EWK




The TOT

Roman Pots

147 meters

TOTEM Experiment

Roman Pots

—M experiment involves about 100 scientists from 16 institutes in 8 countries.

TOTEM experiment is designed to take
precise measurements of protons as they
emerge from collisions at small angles.

‘his region is known as the ‘forward
direction and is inaccessible by other
LHC experiments.

TOTEM and CMS collaborations have
coordinated the use of their detectors to
perform combined measurements that
will lead to results of unprecedented
accuracy!
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http://totem-experiment.web.cern.ch/totem-experiment

CMS Totem Precision Proton Spectrometer (CT-PPS)

CT-PPS is a magnetic spectrometer that uses the LHC magnets and detector stations, to bend
protons to measure their trajectories. It is fully integrated into CMS DAQ + Reconstruction Software
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TH
ol CMS Totem Precision Proton Spectrometer (CT-PPS)

You can do very unique physics:

-or example: photon-photon Fusion, where LHC “becomes”

a photon & photon collider!
proton

proton

proton
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TH
ol CMS Totem Precision Proton Spectrometer (CT-PPS)

D p
You can do very unique physics: \/ 7
7y K\S\‘
-or example: photon-photon Fusion, where LHC “becomes”
a photon & photon collider! 5

General Strategy:
Require correlation between observables reconstructed with the CMS central detector and
those from the protons reconstructed in the Totem detectors

27 Zeynep Demiragl



TH
" 750 GeV Di-Photon Bump (Almost a New Particle)
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1"l 750 GeV Di-Photon Bump (Almost a New Particle)
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1"l 750 GeV Di-Photon Bump (Almost a New Particle)
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Higgs Re-Discovery

We did succeed in the (re)discovery
of the Higgs boson!

CMS Preiiminary 129fb" (13 TeV) CMS Preliminary 12.9 fb' (13 TeV)
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31 Zeynep Demiragli



]
]
|

Higgs Re-Discovery and More =
. : . CMS Preliminary 12.9 1" (13 TeV)
We did succeed in the (re)discovery =125 GoV

of the Higgs boson!

ombined i = 2.3 :3'2

We are closing in on its rare production modes Sm—— HH
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TH
'l Everything Standard Model: Stairway to Heaven

June 2016 CMS Preliminary
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TH
i Everything Standard Model: Stairway to Heaven

June 2016 CMS Preliminary
- | 1 . 7
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W/Z Boson Top Quark Higgs Boson
Results Results Results
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i Everything Standard Model: Stairway to Heaven

June 2016 CMS Preliminary
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Everything Beyond Standard Model

and it you thought Standard Model processes were rare ...
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Everything Beyond Standard Model

and it you thought Standard Model processes were rare ...

CMS Experiment at LHC, CERN
Data recorded: Mon Sep 28 08:09:43 2015 CEST
Run/Event: 257645 / 1610868539

Producing Black Holes:
(one of the) expected final state is with
12 Jets!
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Everything Beyond Standard Model

and it you thought Standard Model processes were rare ...

CMS Experiment at LHC, CERN
Data recorded: Mon Sep 28 08:09:43 2015 CEST
Run/Event: 257645 / 1610868539

Producing Black Holes: Producing Super Symmetric particles:
(one of the) expected final state is with (one of the) expected final state Is with
12 Jets! 2 Jets + 2 Leptons + Missing Energy!
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Everything Beyond Standard Model

and it you thought Standard Model processes were rare ...

CMS Experiment at LHC, CERN
Data recorded: Mon Sep 28 08:09:43 2015 CEST
Run/Event: 257645 / 1610868539

Producing Black Holes: Producing Super Symmetric particles:
(one of the) expected final state is with (one of the) expected final state Is with
12 Jets! 2 Jets + 2 Leptons + Missing Energy!

39 Zeynep Demiragl



Everything Beyond Standard Model

and if you thought Standard Model processes were rarg ...

Producing Super Symmetric particles:
(one of the) é ed final state is with (one of the) expected final state is with

12 Jets! 2 Jets + 2 Leptons + Missing Energy!
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Everything Beyond: Dark Matter

indirect detection
-

DM SM
C
k=
©
I
D
O
©
-
=
DM SM

4—
production at colliders
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indirect detection
-

SM

DM

direct detection

DM SM

4—
production at colliders

Everything Beyond: Dark Matter

Dark Matter is weakly interacting (WIMP), and it
will leave no signature in the CMS detector

The existence of missing energy in the event
could mean => Dark Matter

42

MET = 1467 GeV

let pr = 1467 GeV

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 3 06:58:12 2015 CEST
Run/Event: 258159 / 550030997

Lumi section: 434
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Everything Beyond: Dark Matter

ICHEP 2016
“E 10735 o
= ; CMS Preliminary
O _
—}Indlrec.t deteCtlon l_0'10 3 \ Axial-vector med Dirac DM
tD(l) a7 A\ g,= 0.25, -
107 F '\ Direct Detectlon
10-%8L- E clusmn
DM SM \
107k- - =100 &0
S a0 _ “ Souper Ke'e
" 10 - *
9 jorif- cvenves 10eC
% s S DM [EXO 16-009]
42| _
o 1077 CMS Exclusion
o e
% 107 B EMS DM+1N [EXO-16: 037]
10-%4 _
DM SM 10-45F L1 1 aaal 1 L 1t aaal 1 Ll
—_— 10 102 10°
production at colliders Mpy [GeV]

LHC has complementary sensitivity to other
dark matter searches!
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In the Mean time..
Working Towards the Next Generation of the Detector

* New pho

CAL endcap:
odetectors

e Faster ar

d more radiation hard electronics

|

Assémbled"
sadout modu

=
":_-q

B e —

* Updating fro

HCA

Forward:

nt-end electronics
to suppress anomalous noise

—

Additional Layer in Pixe
» Offline software is being deve
* |ntegration in progress

oped
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In the Mean time..
Working Towards the Next Generation of the Detector

ppress anomalous noise

CAL endcap:
 New photodetectors
e [aster 24

TONICS

Additional Layer in Pixe
» Offline software is being deve
* |ntegration in progress

45

\\ ore radiation hard electronics
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But ... all this is only the beginning of a long journey ...

/ -
‘K’. ‘\/.
CMS is excited to keep analyzing the full 2016 data and is .’ ===~ /\
looking forward to collecting more collisions! iy S
L
We are grateful for the support from the collaborating ——

-, -

nations and funding agencies!



Back Up
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Everything Beyond: Dark Matter

e ICHEP 2016
atest AMS results were found to be e 10 | \
. . ' CMS Preliminary
O .
compatible with a 1 TeV Dark Matter <10 \, Avecormed, i O
. . ‘e 2 gq-025 9o
this dark matter mass. -~ A, Exclusion
' pico 2=
10k~ _ S0 60
25| AMS 2016 0oL \ Oy s K
? - eCUbet*
g 20 |— + 107 1 B ¢
g - [ SMS DM+ [EXO 16059
= [ 10 CMS Exclusion
315 W
S F 10 B S DMV, [EXO-16- 037)
z10f- 107 -
: 10-45 Lo 1t 11l 1 Lo ot 1l L Lo 1 11l
5[ 10 10° G \1/?3
N m e
DM
- Energy [GeV] . e
LHC has complimentary sensitivity to other

2 3
1 10 10 10 dark matter searches!
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TH
I"h CMS Detector in Run 2

TRACKER

CMS in 2016 operated with high

Ny New front-end electronics
efficiency

Fixed saturation effects in the pre-

) amplifier of the readout chip
-~ more than 96% detector active

Muon trackmg efficiency

~ 92% data taking efficiency

o 1.00~%= =R

g |CMs = I

&= 0.98 - | f S

LLI : ﬁ : : > : -

0.96 E :Beginnipg of the; year - 5-8%3-
- End of the year : - :

SUPERCONDUCTING 0.94f-- ’ -

MAGNET B 1

0.92} e New data . o -

Repaired and cleaned 0.90[- 2| Old data -
100% Uptime during 2016! P A S P I I

0O 2000 4000 6000 8000 100001 2000
Inst. Lumi (1 E30)
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TH
I"h CMS Detector in Run 2

HCAL ECAL
New photodetectors Firmware and software updates
Faster and more robust electronics N
CMS preliminary 2016
o L1 DD fean=1.00
CMS Simulation Preliminary g 1.02 ‘ECAL T R A S o 1.02r.m.s = 0.07 % -
g 1.5E||||l||| T 11 IIIIIIIIIIIIIIIIIIIIIIIIIIII'lIIIIE O':: :;\NithLMcorrection : . .
g 1.4 - —e— No OOTPU mitigation J B L tir et ettt e et et —
o - . o B N - j ' | P
$ 1.3 E‘ —e— Offline OOTPU mitigation E g : -
1.2 — = c - 1 ' : -
3 - '. —e— Online OOTPU mitigation - S ]
o E e E 0.96 |- i e e L.
o= 7 B : . : b
w : [ T
q>) 0 9 :_ —: a5d |- ' u.a'h'. ."lﬂﬂ'000|.l.‘:'“..'l"il..‘“éll..._‘ O.NL
= - - : Withom LM correction | | q mean = 0.94
(_U 0.8 - ) e | 3 . , v : rm.s=0.21%
O U advanced algorithms: - noo losa e by ool | SNEER NI It aodkudushulunbol,
0 0.7 £ improved energy resolution - 14h00 15h00 16h00 17h00 18h00 19h00 20h00 21h00 0 5 10 15 20 25
s : : . time
0.6 F and response at high pileup -
E ECAL calibration uses a laser to
0-5 I I I | | I I I I I | N N I I I A o | 1| 111 J
0 10 20 30 40 50 60 70 80 90 100 monitor and correct for
Simulated Hit Energy [GeV] transparency loss
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average processing time [ms]

Data Acquisition Highlights for CMS in Run 2

250_CMS Preliminary 13 TeV
- HLT Farm Limit
200 I)‘
1501 |/
- [ 4 ] :
100 -
50_ . . o/ LHC
R Design
i v
O.lllllllllllllllllllllllllllllllllllllll
0O 2 4 6 8 10 12 14 16 18 20

average inst. luminosity x10% [Hz cm™]

Upgraded DAQ (file based system)

Fully commissioned in 2015 but in 2016:
Doub

X2 read & write performance

ed online file system capacity

High Level Trigger

e petter matching with offline reconstruction

 main goal: keep pileup dependence under control

HLT Farm able to cope with higher than design luminosity

5.68 GB/s
3.73 GB/ Read
. S . m
Write M
1.86 GB/s * H

]

i A Al

1.86 GB/s

573 GBS Typical CMS Data taking Rate ~ 3GB/s
~ 10000 files / min

5.59 GB/s

6.15 GB/s

Nov 15 09:53 Nov 17 17:26 Nov 20 01:00 Nov 22 08:33 Nov 24 16:06 |
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CMS Computing: Tier System

C CMS )

Online ar- '
\_(HLT) 7 Tier ! Slte_s 25 Tier-2 Sites

!
[/ £ ‘[/ ‘I‘I/
1

“streams (RAW)

-_ ~10 online

~10 online
[

.

(RAW) reconstruction

Tier2 | Tier 2 §l| Tier 2

~10 onlme
streams (RAW) ~50 Datasets —

! (RAW+RECO) —
/ ' \ ! 50 Dataset T i
Primary Average of

RAW+RECO . " .
tape ey (hared+among) ~8 Datasets Analysis, Skims® Tler 2 Tler 2 Tlel' 2
archive Tieg1's per Tier 1 Calibration, RECO,
\ / Tler 0 (RAW+RECO) Re-reconstruction, AOD's , 1 1
skim making... I F
o\ . . |
CMS-CAF ,/afy"{;“pe Tier 2 Ji| Tier 2 f§i| Tier 2

(CERN Analysis Facility)

\ v/ Tier 14

Tier-0: Tier-1: Tier-2:

Prompt Reconstruction Reprocessing & MC Production Distributed Data Analysis
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CMS Computing: Tier-0 Overview

B Other
MINIAOD
I AoD
; ALCARECO
B RECO ] ]
B RAw Tier-0 Operation
over the last year

400
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Days since 2016/04/02
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i
2015-2016: T1 cpu W Used wallt
= Pledged
300000000 s CMS Requirement
2
(/)] 240000000
-4
=
% 180000000
g 120000000
&)
g

CMS Computing: T1s and Cloud

Jan 2015 T e T Jul, 2016

Online HLT Farm size is equivalent to a T1,
and Is idle when there Is no data taking.

Proposal: Provide comp

uting power from HLT

—arm during inter-

ills => Cloud!

54

Computing resources are heavily used:

» CPU usage at T1 level : ~103% of the pledges
» CPU usage at T2 level : ~122% of the pledges

adashb e Completed jobs

7 Days from 2016-02-17 to 2016-02-24
350000 gu Y Y Y Y T Y T

~70% of the HLT farm used

0000 j-

HLT contribution

0
2016-02-17 2016-02-18 201602-19 2016-02-20 2016-02-2! 2016-02-22 2016-02-23 2016-02-2¢

W T1_US_FNAL I T2_CH_CERN_HLT

mTU RAL W T1LIT_CNAF W T1_DE KIT
B T1_RU_JINR B T1_FR_CCIN2P3 MTE

PIC

Maxmum: 343,563, Minimum 152,584 , Average: 240,391 , Current: 195,410 agh



Object Reconstruction and Identification

Excellent Scale and Resolution of e/gamma, muon and tau objects

e 2015,2.3 " (13 TeV)
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(Subset of) Everything Else

Wide PF-jets
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m <25, |An < 1.3
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Data Acquisition Highlights for CMS in Run 2

L1 Upgrade: Fully commissioned
* Higher granularity and processing capabilities

« FPGA-based (Field Programmable Gate Array) architecture

Stable data taking with high quality since May 2016 at higher luminosities

CMS Preliminary 2016 Data
| | | | | | | | | | | | | |

3.1fb' (13 TeV)

CMS Preliminary 2016 Data 3.1fb™" (13 TeV)
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Everything Beyond: Super Symmetry

June 2016 CMS Preliminary
- P, f i & 7 TeV CMS measurement (L<5.0 fb™) -
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All results at: http://cern.ch/go/pNj7 EW: Woilv, Z-, l=e Th. Ac,, In exp. Ac

If SUSY is around the corner:
We should have < 100 events with full 2016 Data

|
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