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ASSUMPTIONS

You have never done a physics analysis.
You know a bit about the LHC.

You know a bit about a multi-purpose high-energy-physics
detector.

You know a bit about how we get to RAW data.

DISCLAIMER

These lectures will have a “slight” bias
towards ATLAS.




FROM RAW DATA TO PHYSICS
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How do we deal with physics events
from when they leave the detector
till when they make it into our publications?

Publication

Detector
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WHAT IS AN EVENT?

A crossing of the two LHC proton beams at an interaction point

Interaction GRS
POIl‘lt - .rr'.'.-'.\-‘-";' ——1

Relative beam sizes around IP1 {Atlas) in collision




WHAT IS AN EVENT?

—

Proton bunches
>10" protons/bunch
colliding at 13TeV and at 40MHz in Run-2
collided at 7/8TeV and at 20MHz in Run-1




AN EVENT’S LIFETIME

Data
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Detector Trigger
Publication v
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Relevant quantity




TRIGGERING ON PHYSICS

The ATLAS / CMS paradigm

LHC collisions
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40MHz ~100kHz ~1kHz




THE DATA
ACQUISITION

At every trigger accept:




WHAT DOES RAW CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015
0x00000016
0x00000017
0x00000018
0x00000019
0x0000001a
0x0000001b
0x0000001c
0x0000001d
0x0000001e
0x0000001f
0x00000020
0x00000021
0x00000022
0x00000023
0x00000024
0x00000025
0x00000026
0x00000027
0x00000028
0x00000029
0x0000002a
0x0000002b
0x0000002c

0x20000e3f
0x100000c0
0x8000043f
0x00021007
0x00000e10
0x00080000
0x02c00400
0x00020001
0x00000816
0x100000c0
0x80000018
0x00021001
0x00000e10
0x00000000
0x02c00400
0x00020000
0x00000010
0x00000000
0x00000008
0x00000000
0x00000810
0x00000000
0x00000400
0x00000000

536874559
268435648
2147484735
135175
3600
524288
46138368
131073
2070
268435648
2147483672
135169
3600

()
46138368
131072

16

0

8

0

2064

0

1024

0

1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll

trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger

info[@]
info[1]
info[2]
info[3]
info[4]
info[5]
info[6]
info[7]
info[8]
info[9]
info[10]
info[11]
info[12]
info[13]
info[14]
info[15]
info[16]
info[17]
info[18]
info[19]
info[20]
info[21]
info[22]
info[23]
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L1 Trigger Bits
Before Prescale

L1 Trigger Bits
After Prescale

L1 Trigger Bits
After Veto




WHAT DOES RAW CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015
0x00000016
0x00000017
0x00000018
0x00000019
0x0000001a
0x0000001b
0x0000001c
0x0000001d
0x0000001e
0x0000001f
0x00000020
0x00000021
0x00000022
0x00000023
0x00000024
0x00000025
0x00000026
0x00000027
0x00000028
0x00000029
0x0000002a
0x0000002b
0x0000002c

0x20000e3f
0x100000c0
0x8000043f
0x00021007
0x00000e10
0x00080000
0x02c00400
0x00020001
0x00000816
0x100000c0
0x80000018
0x00021001
0x00000e10
0x00000000
0x02c00400
0x00020000
0x00000010
0x00000000
0x00000008
0x00000000
0x00000810
0x00000000
0x00000400
0x00000000

536874559
268435648
2147484735
135175
3600
524288
46138368
131073
2070
268435648
2147483672
135169
3600

()
46138368
131072

16

0

8

0

2064

0

1024

0

1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll

trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger

info[@]
info[1]
info[2]
info[3]
info[4]
info[5]
info[6]
info[7]
info[8]
info[9]
info[10]
info[11]
info[12]
info[13]
info[14]
info[15]
info[16]
info[17]
info[18]
info[19]
info[20]
info[21]
info[22]
info[23]

e
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J \

Enabled items, ID:
0,1,2,3,4,5,9 10, 11, 29, 38,
39, 60, 64, 65, 66, 67, 68, 69, 74,
95, 96, 97, 98, 108, 113, 132, 137,
138, 139, 179, 202, 214, 215, 217,
224, 241

Enabled items, ID:
1,2, 4,11, 38, 39, 60, 67, 68, 95,
96, 108, 113, 132, 137, 138, 139,
202, 214, 215, 217, 241

__ Enabled items, ID:
4,67, 132, 139, 202
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WHAT DOES RAW CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015
0x00000016
0x00000017
0x00000018
0x00000019
0x0000001a
0x0000001b
0x0000001c
0x0000001d
0x0000001e
0x0000001f
0x00000020
0x00000021
0x00000022
0x00000023
0x00000024
0x00000025
0x00000026
0x00000027
0x00000028
0x00000029
0x0000002a
0x0000002b
0x0000002c

0x20000e3f
0x100000c0
0x8000043f
0x00021007
0x00000e10
0x00080000
0x02c00400
0x00020001
0x00000816
0x100000c0
0x80000018
0x00021001
0x00000e10
0x00000000
0x02c00400
0x00020000
0x00000010
0x00000000
0x00000008
0x00000000
0x00000810
0x00000000
0x00000400
0x00000000

536874559
268435648
2147484735
135175
3600
524288
46138368
131073
2070
268435648
2147483672
135169
3600

0
46138368
131072

16

0

8

0

2064

0

1024

0

1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll
1vll

trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger
trigger

info[@]
info[1]
info[2]
info[3]
info[4]
info[5]
info[6]
info[7]
info[8]
info[9]
info[10]
info[11]
info[12]
info[13]
info[14]
info[15]
info[16]
info[17]
info[18]
info[19]
info[20]
info[21]
info[22]
info[23]

e

J |

J \

Enabled items, ID:
0,1,2,3,4,5,9 10, 11, 29, 38,
39, 60, 64, 65, 66, 67, 68, 69, 74,
95, 96, 97, 98, 108, 113, 132, 137,
138, 139, 179, 202, 214, 215, 217,
224, 241

Enabled items, ID:
1,2, 4,11, 38, 39, 60, 67, 68, 95,
96, 108, 113, 132, 137, 138, 139,
202, 214, 215, 217, 241

Enabled items, name:
L1_EM18VH,

L1 _2TAU11l_EM14VH,

L1 _2TAU11_TAU20 EM14VH,
L1 _2TAU11l_TAU15,

L1_2EM6_EM16VH
14




WHAT DOES RAW CONTAIN?

More than 300K such
words in each event,
corresponding to the full
data from all the
detector components.

Data size: 1-1.5MB /
event depending on the
compression. Pretty

consistent between
ATLAS and CMS.

Challenge:
make sense out of all
these numbers!!




WHAT DOES RAW CONTAIN?

Detector Trigger







THE LARGE HADRON COLLIDER

a

New Particle!
(<<mHz?)
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~25 p-p collisions/bc

!roton bunch!

>10" protons/bunch
(colliding at ~40MHz)




THE LARGE HADRON COLLIDER

a

New Particle!
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THE LARGE HADRON COLLIDER
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THE LARGE HADRON COLLIDER

a

New Particle!
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THE LARGE HADRON COLLIDER

a

New Particle!
(<<mHz?)

.

&% - £

p-p collisions with
interesting parton
interactions
(<kHz)

LHC - B CERN
ez 208 == ATLAS ALICE

p O <0 p

~25 p-p collisions/bc

!roton bunch!

>10" protons/bunch
(colliding at ~40MHz)




A DETECTOR (E.G. ATLAS)

v Granular == so 0 Y
v Resistant to radiation




A DETECTOR (E.G. ATLAS)

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

TRT
SCT




A DETECTOR (E.G. ATLAS)

Quarks

Leptons
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PARTICLES THROUGH MATTER

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

Innermost Layer... P» ...Qutermost Layer
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Leptons
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RECONSTRUCTING PARTICLES
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RECONSTRUCTING PARTICLES
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RECONSTRUCTING PARTICLES
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RECONSTRUCTING PARTICLES
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RECONSTRUCTING PARTICLES

} Simplified Detector Transverse View
l Muon Spectrometer

Toroids

Dark HadCAL
Matter S0

’7 (\ < TRT

/\ @ > SCT

In the transverse plane: ;
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Missing Transverse Momentum (ME;)




RECONSTRUCTING PARTICLES
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ONLINE RECONSTRUCTION




TRIGGERING ON PHYSICS



STREAMING

Streaming is based on trigger decisions at all stages
The Raw Data physics streams are generated at the HLT output level

Debug Streams
events for which a
trigger decision has
not been made,
because of failures in
parts of the online
system

36



HUGE AMOUNT OF DATA...

LHC delivered billions of recorded collision events to the LHC experiments
from proton-proton and proton-lead collisions in the Run 1 period (2009-2013).

- This translates to ~ 100 B ERRE T o m e e BT
PB of data recorded at

CERN.
&% WLCG g

The challenge how to \p’ 4 Worldide LHC Computing Grid “,/'; (
process and analyze the AN
data and produce timely
physics results was | P,
substantial but in the end SRS )
resulted in a great O
success.

Map data 2016 Imagery 2016 NASA _Terms 2,000km L




Business email per year
3000 PBytes

Full ATLAS
dataset and

products
100 Pbytes / year

y LHC § ;
3\15 PBly Google’s search

4/ 100 PBytes / year

Videos to
YouTube

Size of data sets in terabytes
@ Business email Sent Per year ..........ccccvvieininiann 2,986,100 National Climactic Data Center database..................... 6,144
Content uploaded to Facebook each year................... 182,500 @ Library of Congress’ digital collection............ccccuruerrnns 5,120
@ G00gle’s SEArCRINGRX .......ccceererinirusnsresssssssssassenns 97,656 @ USCensusBureaudata............ccoeuvueiemciciicccccnnnennes 3,789
® Kaiser Permanente’s digital health records ............... 30,720 @ Nasdaqstock market database ..............covverierrenneneens 3,072
@ Large Hadron Collider's annual data output ................ 15,360 O Tweets Sentin2012...........ccoeeimuimcinerininssnssnessesesssassenne 18
@ Videos uploaded to YouTube pervyear.........c.ccceveueee 15,000 @ Contents of every print iSSUE Of WIRED .........cv.eevereeennee. 1.26




200Hz - 400Hz Event Summary Data (ESD): ~| MB/evt
RAW: ~|.7-1.1MB/evt Analysis Object Data (AOD): ~100 kB/evt
. derived data (dESD, dAOD, NTUP...)
\ TeriC Wers Calibration distributed over the Grid
| CERN

Analysis
Facility

Data Recording to tape
First Pass Processing

|0 Tier-1 centers
RAW data copy on tape
Analysis data on disk
Reprocessing

38Tier-2 centers
(~80 sites)
Analysis data on disk
User Analysis

http://www.isgtw.org/feature/how-grid-computing-helped-cern-hunt-higgs



paal THE EVENT AT TIERO

tl
i _Express 5| Express Stream [~ "\ 5 g cffor
I stream Reconstruction i| calibrations
| ===
i i st Update_i
i _Calibration 5 Calibration, '<:'>' i
E streams alignment, noisy cells ]
] I
E~48h Fmali
i calibrations !
| Physics (9_) Bulk data !
i 2nd Update!
}  stream processing < Pad ei
|
i ~Tweek E
: VvV
; PhysiCS@ Bulk data —
i stream ~ re-processing  |© Offline
i conditions
I O(months)
v v
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E.G. ALIGNMENT

140 -
- CMS Preliminary 2012 +
.—.120: s=8 TeV #"_‘ *
S -+ Aligned data
100t
=10 - + Prompt data
N -
< 80
[ - : Prompt
-% 60— Ir‘naorgeerﬁéﬁl calibration
- - active
CLU 40— P
< - *+ o
T 20 ek war T
M 0: _“,w_:;_“____,‘“_%__’_! e |
W R , h“f““** .,..|.++
20| | | b
06/11 13/11 20/11 27/11 04/12
Date

Day-by-day value of the relative longitudinal shift between
the two half-shells of the BPIX as measured with the primary
vertex residuals, for the last month of pp data taking in 2012.




E.G. BEAMSPOT

| DCA vs Phi wrt Beamspot | | DCA vs Phi wrt Beamspot |

o
I

.
—
4
=S
-
-

-500 -500

0

Run 153565, 1/express_express

Run 153565, 2/express_express
linnerDetector/Global/BeamSpot/trkDPhiCorr

linnerDetector/Global/BeamSpot/trkDPhiCorr

dO0 vs phi with respect to the beam spot. For a correctly determined beam
spot, this plot should be flat. For the first processing of the express stream,
the beam spot is not yet known and therefore large variations as in this
example are expected. In bulk reconstruction this effect is corrected.




“FINAL” CALIBRATION

Standard Model Total Production Cross Section Measurements 1. 2015 det

] Reference

pp o =95.35+0.38 + 1.3 mb (da 8 N
COMPETE F?Fip\ZUZO()Z([hr‘myy 8x10 Nucl. Phys. B, 486-548 (2014)
total
0 =563.9:+ 1.5+ 55.4 — 51.4 nb (data
Jets R=0.4 NLGJates, CTIO {theory) 0.1<pr<2TeV 45 arXiv:1410.8857 [hep-ex]
lyl<3.0
H — o =86.87 + 0.26 + 7.56 — 7.2 nb (data
DljetS R=0.4 BT et 810 (iheory) ) 0.3 < mj; <5TeV 4.5 JHEP 05, 059 (2014
lyl<3.0, y*<3.0
o =94.51+0.194 + 3.726 nb (data)
W > FEWZ+HERAPDF1 5 NNLO (theory) 0.035 PRD 85, 072004 (2012)
total
0 =27.94:£0.178 + 1.096 nb (date
Z FEWZ+HERAPDF1 5 NNLO (theory) 0.035 PRD 85, 072004 (2012)
total
- o =182.9+3.1% 6.4 pb (data hy 7 )
tt fop++ NNLOSNNLL (theory) ¢ 4.6 Eur. Phys. J. C 74: 3109 (2014
o =242.4+1.7+10.2 pt Eur. Ph C 74 3109 (20
total top+ ! NNLOERALL Hheory) 4 20.3 Eur. Phys. J. G 74: 3109 (2014
t h o bgoihﬁ%tl\?tﬂ?\?\‘eﬂi‘ﬁ] o 4.6 PRD 90, 112006 (2014)
t—chan ; . A .
total o =826 LNLLéiﬁE»LAJ“%iS?“ay A 20.3 ATLAS-CONF-2014-007
WW+WZ 7 =68.0+7,0+19.0 pb (data) LHC pp Vs=7TeV
+ MC@NLO (theory) 4.6 JHEP 01, 049 (2015)
eor
o =51.9+2.0+ 4.4 pb (data) b y 4.6 PRD 87, 112001 (2013)
MOFM (theory) Observed X )
WW c=Tl43 5.5 — 4.9 pb (data) Se  CONE-2014.033
total MCFM (theory) h s;a{ 20.3 ATLAS-CONF-2014-033
t Ar7108+290+'\‘5\i;(]‘?wdata] n Sta +Sy5f 2.0 PLB 716, 142-159 (2012)
VV heory) .
total I 272L’\fL?'O,N)Lip‘C’l7\E{I)’T\:Z‘\\ .A 20.3 ATLAS-CONF-2013-100
H 7 =23.9+3935pb (data) | LHC pp \/_ =8TeV
ggF LHC-HXSWG (theory) 20.3 ATLAS-CONF-2!
total Th
- eor
Z 7 =190414 “hzwly\o pb (data) o y 4.6 EPJC 72,2173 (2012
VV =203 1.4 - 1.3 pb (data) Observed c 2013.0¢
total 08 ”h%m pl A m s 13.0 ATLAS-CONF-2013-021
=670 0.5 - 0.4 pb (data) - S qyet 3 128 (2013)
ZZ Mcwnheom 51 syst 4.6 JHEP 03, 128 (2013
¢ =7.1+0.5-0.4+0.4 pb (dat - CONF201
total Mumnheomp 4 A 20.3 ATLAS-CONF-2013
0 =243+06-055pb
H VBF \nc’ﬂxs’v’/& y ’§ .. 20.3 ATLAS-CONF-2
total ATLAS Preliminary

F o =300.0 + 120.0 — 100.0 + 70.0 — 40.0 b (data)

ttW MCFM (theory) 20.3 ATLAS-CONF-2014-038
total Run 1 \/_ =7,8TeV

ttZ o =150.0 H[SLS/\%,NSL%?;;;B fb (data) 20.3 ATLAS-CONF-2014-038
total

10°10*102102 10" 1 10' 10° 10®° 10* 10° 10° 10 05 1 15 2
o [pb] observed/theory




LUMINOSITY DETERMINATION

A measurement of the number of collisions per cm? and second.

Multiple methods used for determining luminosity: reducing
uncertainties.

Normalization is done with beam-separation scan (Van-der-Meer
scan). Requires careful control of beam parameters.

p1(x,y) <«— Transverse proton density functions —— p2(x,y)

Y Bunch 2
Bunch 1
T __;_Ag,_xa

Number of protons = Number of protons

Beam separation scans provide absolute luminosity calibration
From http://cds.cern.ch/record/1490292/files/ATL-DAPR-SLIDE-2012-627.pdf

Result: luminosity measurement with very small uncertainties
(order of few %) with very fast turn-around time.
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..g Background or
2 Detector Noise??
DATA QUALITY (¢ e

Relevant quantity

The data we analyze has to follow norms of quality such that our
results are trustable.

Online: Fast monitoring of detector performance during data taking,
using dedicated stream, “express stream”.

Offline: More thorough monitoring at two instances:

Express reconstruction; fast turn-around.
Prompt reconstruction: larger statistics.

What is monitored?

Noise in the detector.

Reconstruction (tracks, clusters, combined objects, resolution and
efficiency).
Input rate of physics.

All compared to reference histograms of data that has been

validated as “good”.
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DATA QUALITY AND “GRL”

Intolerable Good Run List
defect 2
Intolerable ) )
defect 1 Short period during
: | which data taking
Tolerable ! conditions are
defect 2 | 1 | (expected to be)
1 1
Tolerable absolutely stable.
defect 1 _- I Used for data-

. > quality assessment
Luminosity block

and luminosity
determination

Luminosity blocks
in GRL

Luminosity block
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DATA QUALITY

Tier-0 Farm

Reco Histogram
Monitoring Postprocessing
Histogram
DQM

ATLAS Databases

DQM Server

Django server Cherrypy server
Shifter _
Shifter Defect
Histogram
O

Cron Tasks

DCS
Calculator

Standalone Tasks

Detector Control
System Archive
TDAQ w
Database
DQM Runinfo

Cache

Histogram

Result Cache
Run Flagger/ Histogram
Emailer Metadata Cache
Runinfo Cache
Good Run List Generator
Generation

Defects DB

https://cds.cern.ch/record/2008725/files/ATL-SOFT-SLIDE-2015-179.pdf 48




DATA QUALITY

Tier-0 Farm DQM Server

Reco Histogram arve Cherrypy server

Monitoring Shifter

- Web Display
Histogram Shifter Defect
- Entry Tool

Histogram
Storage
ATLAS Databases

Detector Control : asks
System Archive |

‘ valculator His togram
TDAQ ’ Res t Cache
af

Run Flagger/ Histogram
DQ. ‘ nunmrf Emailer Metadata Cache

Cache Runinfo Cache

Good Run List Generator
Generation

Databar

Defects DB

https://cds.cern.ch/record/2008725/files/ATL-SOFT-SLIDE-2015-179.pdf 49
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LUMINOSITY

CMS peak interactions per crossing, pp
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PILE-UP

Proton bunches
>10"1 protons/bunch
(colliding at ~40MHz in run2)

~25 p-p collisions / bunch crossing




->uM event;

2011 data.

Z
Track pT > 0.5 GeV

Number: 146351094

24 01:43:39 CEST

EXPERIMENT

2011-04

Date

un Number: 180164, Event




e Z->Uu event;
ATLAS 2011 data.
EEXPERIMENT -

01:43:39 CEST

)‘-l

Track pT > 2 GeV

11 reconstructed vertices




S ATLAS Bt

ﬁEXPERIMENT

Track pT > 10 GeV

11 reconstructed vertices
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AN EVENT’S LIFETIME

Data Reconstruction Calibration

Prep
o
Detector Trigger
Publication v

Data analysis

Background

# events

Relevant quantity




AN EVENT’S LIFETIME

Calibration

Data Reconstruction
Prep

]

Detector
Publication v
Data analysis
0
S|\ Background
<« o
+*

Relevant quantity




AN EVENT’S LIFETIME

Data Reconstruction Calibration
Prep

]

Detector

Publication v
Data analysis
0
S|\ Background
<« @
+*

Relevant quantity




MONTE CARLO SIMULATION - WHY

We only build one detector.

How do we compromise physics due to detector design?
How would a different detector design affect measurements?
How does the detector behave to radiation?

In the detectors we only measure voltages, currents, times.

It's an interpretation to say that such-and-such particle caused such-
and-such signature in the detector.

Simulating the detector behavior we correct for inefficiencies,
inaccuracies, unknowns.

We need a theory to tell us what we expect and to compare our data
against.

A good simulation is the way to demonstrate to the world that we
understand the detectors and the physics we are studying.




MONTE CARLO PRODUCTION CHAIN

Event Generation
simulate the physics process.

- =

Detector Simulation
simulate the interaction of the
particles with the detector material.

!

Digitization
Translate interactions with detector
into realistic signals.

- =

Reconstruction
Go from signals back to particles,
as for real data.




MONTE CARLO PRODUCTION CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From < 1stoafewhours/event. |

- =

Detector Simulation
simulate the interaction of the
particles with the detector material. | From 1 to 10min / event |

!

Digitization
Translate interactions with detector
into realistic signals.

V I From 5 to 60s / event |

Reconstruction
Go from signals back to particles,
as for real data.
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MONTE CARLO PRODUCTION CHAIN

¢ H cgmy«(ép CASCADE HELLAC ALPGEN MCFM it o

‘ceric ResBos JIMMY Z2aFh

— L 3| EPOS pjackMax

b U PR &
=V A B AW
. aNE @5
- A { . e & > ¥
L Frotos \ 1O Y {2/
B\ N ! y

=& PHOTOS (/) -5 -
Prospino2 DY NNLQ rhe MC@NLO Package ’

~— DR AIE
MadGraph5 aMC@NLO TOp ++ @ P MadGraph > <iCourtesy: Z. Marshall




Our LHC Simulation: The Dream

P
Generator |—> HepMC Particle Filter
h ” . —— e ‘ 5 B
|| MCTruth )| MCTruth MCTruth
(Sim) i1 (Pile-up) } and SDOs

MCTruth

(Gen)
- | ) o } ' ROD Emulation Raw Dat
Simulation ! Pile-up l": Merged Hits ' (pass-through) Iu. g\tl)\gec?sa
| \ 2 |
K . ™ A
1 \ 4

‘ . l ‘ | ‘ ROD Input ' . |
Hits Digitization Digitsp ROD Emulation
Bytestream
Bytestream Conversion

r

Reconstruction

i
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Our LHG Simulation: 'The Reality?

This 1s most people’s view of the chain

p
Generator H |
|
[
1
1

!

Reconstruction




SIMULATION - FULL AND FAST

O-£3-C




SIMULATION - FULL AND FAST

Geant4 / Fluka,Flugg / Geant3

Frozen Showers

AFIl (Atifast?) / AFIIF (Atifast2F )

Atlfast(1)

25

Events

2 Atifast-ll
““~ Fast G4 Sim

— Full Sim

20

15

Rttt

o ]

10

Time [Unnormalized seconds]




Business email per year
3000 PBytes

Full ATLAS
dataset and

products
100 Pbytes / year

y LHC § ;
3\15 PBly Google’s search

4/ 100 PBytes / year

Videos to
YouTube

Size of data sets in terabytes
@ Business email Sent Per year ..........ccccvvieininiann 2,986,100 National Climactic Data Center database..................... 6,144
Content uploaded to Facebook each year................... 182,500 @ Library of Congress’ digital collection............ccccuruerrnns 5,120
@ G00gle’s SEArCRINGRX .......ccceererinirusnsresssssssssassenns 97,656 @ USCensusBureaudata............ccoeuvueiemciciicccccnnnennes 3,789
® Kaiser Permanente’s digital health records ............... 30,720 @ Nasdaqstock market database ..............covverierrenneneens 3,072
@ Large Hadron Collider's annual data output ................ 15,360 O Tweets Sentin2012...........ccoeeimuimcinerininssnssnessesesssassenne 18
@ Videos uploaded to YouTube pervyear.........c.ccceveueee 15,000 @ Contents of every print iSSUE Of WIRED .........cv.eevereeennee. 1.26




PILEUP IN SIMULATION

Fraction of Events
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END OF LECTURE 1

Calibration

Data Reconstruction
Ean : Prep

g NS

<A

Detector
Publication )
Data analysis Monte Carlo Simulations
S|\ Background
1 3
+*

Relevant quantity




WHAT DO WE RECONSTRUCT

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

Tracks and
Clusters

TRT
SCT

Combining those:
“objects”
(“particles”)




RECONSTRUCTION - \

“true” quantity:

F I G U RES 0 F M E RI T quantity at MC generator Ievel.)

Definition Example — Needs be:
how often do | tracking efficiency = ; N .+ |High
& | we reconstruct | (number of reconstructed 5
S | the object tracks) / (number of true g orf atias
‘C tracks) £ oof T
E £ 050 + Minimum Bias MG E
p, [GeV]
c | how energy resolution = Sasbanas veneo 1 | GOOd
-§ accurately do | (measured energy — true :
% we reconstruct | energy) / (true energy)
@ the quantity
14 ST
how often we | a jet faking an electron, 3 e Low
o | reconstructa | fake rate = (Number of jets o DU
® | different object | reconstructed as an 002221 ++
2 | as the object | electron) / (Number of jets) | °2 ++++ ++1 H +++i *ﬁf
S | we are 025 et bt
interested in s

ull




RECONSTRUCTION -
GOALS

©)

High efficiency.

©)

Good resolution.

©)

Low fake rate.

©)

Robust against detector problems and
data-taking conditions.

Noise.

Multi-processing reduces |
the memory footprint

Econstruction

Memory (GB)
&

o

M-P
"Serial

W
%
¥
L * ;
|
N Y
- N 1%
ﬁ ip r .
0

et

k]

0 200 400 600 800 1000

Time (sec)

1200 1400 1600 1800

H Running jobs...

aaaaa

aaaaaa

Single- or Multi-core

Dead regions of the detector.
Increased pile-up.
Computing-friendly. >

CPU time per event.
Memory use.

Reconstruction time per event [s]

80 : : . 7
70 Software improvements E
60[- \s=14TeV 3
= <p>=40 E
50 25 ns bunch spacing
= Run 1 Geometry ]
40 pp — it =

F HS06 = 13.08
30 —e— Full reconstruction
F —e— Inner Detector only ]
20— —
10 =
ot | | | ]

17.2, 32bit 19.0, 64bit 19.1, 64bit 20.1, 64bit

Software release




TRACKING IN A NUTSHELL -
TRACK FITTING

Perfect measurement — ideal Imperfect measurement — reality

=" TF

Small errors and more points help to constrain the possibilities

7

\

Quantitatively:

Parameterize the track;
Find parameters by Least-Squares-Minimization;
Obtain also uncertainties on the track parameters.




CLUSTERING IN A NUTSHELL

Reconstruct energy deposited in the calorimeter by charged or neutral
particles; electrons, photons and jets. A '

P

||900/3

For a cluster we measure:

The energy;
The position of the deposit;
The direction of the incident particles;

OjojwlwlN] O
ojojl=InN]JO] O

ol =INISAJW]W] O

0
0
2
1
1
0
0
0

ol =jlojoj]o
Ol N] =l O]JlO)jlO] O

0
0
2
3
1

Calorimeters are segmented in cells.

Typically a shower created by a particle interacting with the matter
extends over several cells.

Various clustering algorithms, e.g.:

Sliding window. Sum cells within a fixed-size rectangular window.

Topo-clustering. Start with a seed cell and iteratively add to the cluster
the neighbor of a cell already in the cluster.




WHAT DO WE RECONSTRUCT

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

TRT
SCT

Combining those:
“objects”

(“particles”)




BACKUP




THE DATA
ACQUISITION




THE DATA
ACQUISITION




with pT > 50GeV
ME; = 120 GeV

10 jets




IN A P-P COLLISION
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TRIGGER MENUS FOR SUSY

EF Avg. Rate
Selection EF trigger election (Hz)
Lavg=5€33/cm?s
Single jet Jet Ev >145 GeV 2
& EXss & EF-only EF™s >70 GeV
Single jet Jet Et >80 GeV 2
& EFS & Ag(jet, EX™) & EP™ >70 GeV & A¢ >1.0 rad
Hy >700 GeV 8
Single electron Electron pt >25 GeV 6
& EXs & EF-only EX' >35 GeV
Single muon Muon pr >24 GeV 15
& single jet & ENS & jet Er >65 GeV & EF-only EF™* >40 GeV
Single photon Photon pr >40 GeV 5
& EXsS & EF-only EF** >60 GeV
3 electrons pr > 18, 2X7 GeV <1
3 muons pr > 18, 2x4 GeV <1
pr > 2X7 (e), 6 (1) GeV <1
3 electrons & muons 1> 7 (@), 2x6 (1)) GeV =1




‘DELAYED’ TRIGGERS

Trigger EF trigger Selection
Prompt Stream | Delayed Stream
4x80 GeV 4x65 GeV
Multi-jets Ziig gzz 5545 GeV
Hr 700 GeV 500 GeV
Single jet (R = 1.0) 460 GeV 360 GeV
Emiss 80 GeV 60 GeV




THE ATLAS TRIGGER SYSTEM

Rate (2012 conditions)

20 MHz
: CALO MUON TRACKING
Bunch crossing rate :
o 6.4x108 VU o |
S Interactions/s —Pipeline memories
E
75 kHz — Derandomizers
Peak rate —1{Readout drivers
- % i i —{Readout buffers
6 kHz Lvi2 |
Peak rate ) p
, Full-event buffers
o Processor sub-farms
3 ,200 th - Event
&< Avg. rate, including Filter
@ 200 Hz delayed stream 900 MB/s
(stored for later reconstruction [ F ave. rate’/m"ludmg
when computing resources 00 MB/s
— delayed stream

available)




Multijet trigger improvements in 2012

> [ \
TRIGGER 1 Ansan Sassnan
£ [ “ot* ATLAS Simulation
% 08 g— ﬁ%?
=L e m(§)=1100GeV, m(%,)=700GeV
0.6; hd
Slgnal triggers 04i + Signal distribution
L. L o 2011 5-jet trigger
Jet MU|t|pl|C|ty pT Cut |r]| B o e 2012 6-jet trigger (prompt)
02(— - e 2012 5-jet trigger (delayed)
6 45 Rt
i Ii: .
3-2 00 1 ‘=L§§O-‘-‘Af_.20 1 1 1 go 1 1 1 slo 1 1 1 180 ! ! | 12
5 55 Offline calibrated 6" leading jet [ [GeV] °
3 | I
. §  Af—--oeeeee e oo e spaganpannns -~ *
Background/support triggers g T e : 4
L - e %l
S sl ATLAS Simulati |
Type Purpose § 08 o tio imulation
B 1
Multijet Efficiencies & Control osf- s mill=550GeV, m(7,)=350GeV
. L —o—
(p resca l ed) reg 1oNsS 04 C Signal distribution
. . L e 2011 5-et trigger
Slngle ContrOI reglons B e 2012 5-jet trigger (delayed)
lepton 02 >
o ieioloreear® . | . oL
0 20 40 60 80 100 120
Offline calibrated 5™ leading jet p, [GeV]
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THE BENEFITS

WJS2013
100 K ! ! ! L} ! ! ! ! ! L} ! ! l"!

ratios of LHC parton luminosities: 13 TeV /8 Te ,;"

]

/
——99
---- Xqq
T Qg

—
o
LIS |

Strong interaction
dominated processes

luminosity ratio

"
-
-
.-
-
-

-
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——— -
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P , - ——

.-
——
.-

-—— -
-———— -
-—— -

T «<——— processes

Electroweak 1

MSTW2008NLO

- 1'000
M, (GeV)




From Eric Torrence
Tier-0 Tier-1

Cond Cond 3 update
DB DB
(online) (offline)

2™ update

1st update

Physics streams Copy to Tier-1s

Calibration streams S o
calibration : :
Express streams : : calltrratmn

v - w "
5 5
Control At @ @
Express Calibration c Bulk data c Bulk data
room e | Alignment o o o .
T CosmicCalo b - processing reprocessing
monitoring Noisy Cells c c
E '4@
= =
“m m
] U
Results — —
wm
. 5 5
I I o
® i ]
Input g Input g Input =

"
System DQ System DQ
experts experts

DQ shifter

<1min — — 48h — — 1 week — — O(months) —




DATA QUALITY -

DEFECTS

Tracking - Intolerable defects - Run 271421

TRT_BADCALIBRATION_MINOR

100.00 %
SCT_MOD_ERR_GT40 100.00 %
SCT_GLOBAL_STANDBY 0.29 %
PIXEL_LAYERO_20to30pct_NOTREADY N 25.65 %
PIXEL_LAYERO_10t020pct_NOTREADY I -[ 65.71 %
PIXEL_IBL_GT30pct_NOTREADY 27.95%
PIXEL_IBL_20t030pct_NOTREADY | I -[ 31.12%
PIXEL_IBL_10to20pct_NOTREADY 19.88 %
ID_TRT_TRACKCOVERAGE 100.00 %
ID_BS_RUNAVERAGE 5.48 %
BTAG_BLAYER_PROBLEM 100.00 %

100 150 200 250 300 350 400
Lumiblocks with ATLAS Ready

| Tracking - All defects - Run 271421 |

TRT_BADCALIBRATION_MINOR
SCT_GLOBAL_STANDBY
PIXEL_LAYERO_7to10pct_ NOTREADY
PIXEL_LAYERO_5to7pct_ NOTREADY
PIXEL_LAYERO_20to30pct_ NOTREADY
PIXEL_LAYERO_10to20pct_ NOTREADY
PIXEL_IBL_GT30pct_NOTREADY
PIXEL_IBL_7to10pct_NOTREADY %

ql I
H | B
PIXEL_IBL_5to7pct_NOTREADY
PIXEL_IBL_20to30pct_NOTREADY
PIXEL_IBL_10to20pct_NOTREADY
PIXEL_ENDCAPC_5to7pct_ NOTREADY
ID_TRT_TRACKCOVERAGE
ID_BS_RUNAVERAGE
BTAG_TAGGABILITY_FLUCTUATIONS
BTAG_BLAYER_PROBLEM

| Hly

100 150 200 250 300 350 400
Lumiblocks with ATLAS Ready

_|020%

| 0.58%

100.00 %
100.00 %

0.29 %
4.03 %
25.65 %
65.71 %
27.95 %

0.29 %
31.12%
19.88 %
21.90 %
100.00 %
5.48 %
100.00 %
100.00 %
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g - ; ; : : Invisible neutrino
v " : P B i : collides with proton

» 5 o 2 o
- ¢ The 'Neutrino Event' ..~
5 Nov. 13,1970 — World's first
: observation.of a neutrino in a. .
t. i .. . hydrogenbubble chamber. . = . .




| €— Outgoing

| neutrino

Shower of
particles due to
bremstrahlung

&— Collision

point

&~ Incoming

neutrino




OH MY
DEAR!

0O
— 0 ==

3ee(‘ & po(’e

LATELY INSIPDE THE LHC:
2 PROTONS ©.0000000000000000001 SEC BEFORE THE COLLISION




"‘__| : T | T | T [ T | T I T :
q,"’ 14— ATLAS Online Luminosity = {s=13Tev —
£ - e LHC Stable Beams :
o - ]
3 127 peak Lumi: 10.8 x 10% cm? s N
,C_> B LIPS _
= 10 . *ee —
L - Y -
g 8 o o™ =
> C ’ ]
D 6 . -
(@) B LY i
£ N . ]
E 4 o e ]
| O ¢ ° 7
§ 21— w“? —
a - - §
Ol —weeel o 14 . 1 . 1 . 1

15/04 30/04 14/05 29/05 13/06 27/06 12/07
Day in 2016
X gof _ T T T T T T T T
ﬂc\% _ ATLAS Online Luminosity  Vs=13Tev
g B ¢ LHC Stable Beams ]
g 40r =
= ® ¢ 0‘0 -
g . A
< 30~ . Cud .
[} L * F ° -
(2 - Y * e -
L P ‘:. b ® a _
20 ¢ .o -
B N ]
101 |
C | . las . ol . | . | ]

0 L !
15/04 30/04 14/05 29/05 13/06 27/06 12/07
Day in 2016




MONTE CARLO PRODUCTION CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From < 1stoafewhours/event. |

~ 50 MC generators on the market.

>> 50 combinations of MC generators in a sample.

~ 35 K samples generated on ATLAS in the last “campaign” of 2012.
~ 7 B events!

(CNCNONE




MONTE CARLO PRODUCTION CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From < 1stoafewhours/event. |

~ 50 MC generators on the market. How many can you name?

>> 50 combinations of MC generators in a sample.

~ 35 K samples generated on ATLAS in the last “campaign” of 2012.
~ 7 B events!

(CNCNCONE)

BlackMax h‘.?f‘" ,,
Protos EVtGe NN, y ?
PHOTOS = ;

" acernc ResBos
EPOS JIMMY 3




MONTE CARLO PRODUCTION CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From < 1stoafewhours/event. |

- =

Detector Simulation
simulate the interaction of the
particles with the detector material. | From 1 to 10min / event |

!

Digitization
Translate interactions with detector
into realistic signals.

V I From 5 to 60s / event |

Reconstruction
Go from signals back to particles,
as for real data.

95



HOW TO SIMULATE THIS?

\ - THIS IS A BORING EVENT

(Simulation material by Z. Marshal) 96




SIMULATION - HOW

1. Break the problem up as much as possible.

- Do you understand all the steps of the system?
2. For each piece of the problem, write some code

- Did you remember all the effect for each step?
3. Figure out what accuracy is needed.

- And spend the appropriate time in working out the details.

O--C

4. Cross your fingers and press the button.

(Simulation material by Z. Marshal) 97



HOW DO YOU KNOW IT WORKED?

* When the simulation can recreate something it was not
designed for, you’re doing well...

- DATA
[

r

o
-
N

ATLAS preliminary

Cosmic rays are one
interesting test. Use the
simulation to propagate

normalized ra
o
—

2008 cosmic data t

: 0.08F ~
muons from the Earth' s i ‘ i
surface to the detector! i i
0.06— ’ o
0.04[~ -
Here: energy loss in the I i
calorimeter by a muon 0.021 ]
0 .e . H_i]l_‘

-15 -10 -5 0 5 10 15

p (Inner Detector) — p (Muon Spectrometer) [GeV/c]
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MONTE CARLO CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From < 1stoafewhours/event. |

- =

Detector Simulation
simulate the interaction of the
particles with the detector material. | From 1 to 10min / event |

!

Digitization
Translate interactions with detector
into realistic signals.

V I From 5 to 60s / event |

Reconstruction
Go from signals back to particles,
as for real data.
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Welcome to the Worldwide LHC Computing Grid
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The Worldwide LHC Computing Grid (WLCG) project is a global collaboration of more than 170
computing centres in 42 countries, linking up national and international grid infrastructures.

The mission of the WLCG project is to provide global computing resources to store, distribute and
analyse the ~30 Petabytes (30 million Gigabytes) of data annually generated by the Large Hadron
Collider (LHC) at CERN on the Franco-Swiss border.




TRIGGER MENUS

Typical offline selection L1 Peak EI Ave.
Trigger yp Rate (kHz) Rate (Hz)
Lpeak:7e33/cmzs Lavg,:5e33/cmzs
. Single iso u, pr >25 GeV 8 45
Single leptons Single iso e, py >25 GeV 17 70
Two u’s, each pr >15 GeV 1 5
Two u’s, pr >20, 10 GeV 8 8
Two leptons Two e’s, each pr >15 GeV 6 8
Two e’s, pr >25, 10 GeV 17 5
Two 7’s, pr >45, 30 GeV 12 12
Two y’s, each pr >25 GeV 6 10
Two photons = =10, 30 GeV 6 7
. . Jet (R = 0.4), pr >360 GeV 5
Single jet Jet (R = 1.0), py 470 GeV 2 7
Eiss ETss >150 GeV 2 17
4 jets, each pr >85 GeV 8
Multi-jets 5 jets, each py >60 GeV 1 2
6 jets, each py >50 GeV 4
: 4 jets, each pr >50 GeV
b=jets out of which one is b—tagged ! 4
Total <75 400
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