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The particle physics cycle
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Course outline
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d LeCtu re 2 Muon ch:,’nbe,, Sden;id'"mqgref ,’ Tvcnsiﬁol\ radiation tracker

Semiconductor racker

 How we reconstruct fundamental physics
processes from raw detector data

e Lecture 3

 How we extract our signals from the
mountain of data, finding needles in the
haystack
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Standard Model Total Production Cross Section Measurements status: July 2018
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Measuring cross sections

—_ * The cross section for a process is defined as the number of
O = events divided by luminosity

L
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Measuring cross sections

L of events divided by the integrated luminosity, Lint, which
1nt measures how much data we have collected

o e The cross section for a process is defined as the number
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ATLAS Luminosity
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e Question: Why does ATLAS record less data than the LHC delivers?

 How do we know the integrated luminosity delivered?
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. = Figures adapted from Michaela
LHC collisions

Schaumann’s third lecture (11/07/19) on
“Particle Accelerators and Beam Dynamics”
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 The LHC accelerates bunches of 10" protons separated by 25ns gaps
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https://indico.cern.ch/event/817568/

Measuring Luminosity at the LHC

Bunch 2
Sean, eea‘“l
- d g
S - i - 10 1 particles
o B = Bunch 1 b
. eam
il - size

10 1 particles

* Ingredients for a measurement of the luminosity
* Measuring the size of the beams (for a certain LHC configuration)

* This requires a dedicated measurement where we scan the beams across each
other in the horizontal and vertical directions - a van der Meer scan

* Measuring the beam currents in each bunch

* This is done during collisions, integrating all of the bunch currents and knowing
their size, we can calculate the luminosity

* Make many cross checks because this is such a crucial measurement
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Measuring cross sections

o e The cross section for a process is defined as the
number of events divided by the integrated luminosity,
Lim‘ Lint, which measures how much data we have collected

* Nobs in data needs to be corrected for the detector
N b acceptance, A, for selecting those events. The
_ ODS reconstruction efficiency, &, is a product of all of the
T efficiencies that we need to measure and ensure that
A o € o Llnl-

O

they are the same in our data and simulation

Did I mention that simulation is important ?
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Before the detector, came the simulation

* When designing detectors, we simulate detector response to physics of interest

* Adding a solenoid magnet makes it possible to measure momentum (and charge) in our
tracker by measuring curvature in the transverse plane

* Interesting physics is often at high momentum, e.g. four high momentum muon tracks here

No magnet
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Before the detector, came the simulation

* When designing detectors, we simulate detector response to physics of interest

* Adding a solenoid magnet makes it possible to measure momentum (and charge) in our
tracker by measuring curvature in the transverse plane

* Interesting physics is often at high momentum, e.g. four high momentum muon tracks here
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Before the detector, came the simulation

* When designing detectors, we simulate detector response to physics of interest

* Adding a solenoid magnet makes it possible to measure momentum (and charge) in our
tracker by measuring curvature in the transverse plane

* Interesting physics is often at high momentum, e.g. four high momentum muon tracks here
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What detector technology might thls example motlvate ?

71N

No magnet
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Simulation and understanding detectors

* We use simulations to model the detector as accurately and precisely as
possible

* We then test that our simulations are accurate using real data
* We correct our simulations if necessary

 Once our simulation is an accurate model of our detector, we can use it to
correct the data for detector response
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Exabyte-scale physics analysis
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Ingredients to the ATLAS physics program
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 We compare data with simulation
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Events / 2 GeV

Sample Fraction / 0.02

Jet response at EM scale

Ingredients to the ATLAS physics program
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Ingredients to the ATLAS physics program
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Measuring cross sections

O = * The cross section for a process is defined as the
number of events divided by the integrated
Lim‘ luminosity, Lint, which measures how much data we
have collected

* Nobs in data needs to be corrected for the detector

— acceptance, A, for selecting those events. The

T reconstruction efficiency, g, is a product of all of the
A . € . Llnl-

O

efficiencies that we need to measure and ensure that
they are the same in our data and simulation

N

bs — N bko ¢ Finally, we need to measure and subtract background
obs fog .
o events that are not part of our signal process

A.e.L;,
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Discovering the Higgs Boson: H —» ZZ — 4l

60

50

40

Events / 2.5 GeV

30

20

10

] ] 1 I 1 1

- ATLAS

L H— ZZ* - 4l
13 TeV, 36.1 fb™

LI ] LI L L I T 1T [ T T 11 I L L

] I 1 1] 1 ]' ] 1 ] ] 1

e Data B @ATLAS
Higgs (m = 125.09 GeV) EXPERIMENT
e ZZ' http://atlas.ch
tt+V, VWV
B Z+jets, tt

2 Uncertainty

1 1 I 11 1 1 l 11| [ 11 1 1 | 11 1 I 1 1

_._

e e | —. S— ——
B R —

140 160
mglonstrained [GeV]

Run: 182796
Event: 74566644
2011-05-30 @7:54:29 CEST

* We will (nearly) always have some irreducible background to the signal
process that we are trying to measure

@
l A

GWSC
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Measuring cross sections

O = * The cross section for a process is defined as the
number of events divided by the integrated
Lim‘ luminosity, Lint, which measures how much data we
have collected

* Nobs in data needs to be corrected for the detector

— acceptance, A, for selecting those events. The

T reconstruction efficiency, g, is a product of all of the
A . € . Llnl-

O

efficiencies that we need to measure and ensure that
they are the same in our data and simulation

N bs — N bko ¢ Finally, we need to measure and subtract background
obs g .
o events that are not part of our signal process

A.e.L;,

Now we can compare this to the theoretical cross section!
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Physics model buildé




Physics event generators

QBH Comy'\ép CASCADE HELAC ALPGEN MCFM
' Horace TAUOLA NLOJet++’ISAJET POMWIG "3

A " ResBos JIMMY £

e ' EPOS BlackMax

PHOTOS""

EvtGen¥

“Prospino2 DYNNLO rhe MC@NLO Package §

( HARYBDIS
MadGraph5 aMCE@NLO TOP'*'*'@ . MadGraph > <Counesy Z. Marshall

—

* There are lots of different physics models implemented in physics event
generators, depending on the type of physics that you’re interested in

* We want to see if reality looks like theory (and which one !)
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Are we ready to do some exabyte-scale physics analysis?

\ "
\\ Tile calorimeters

N\ LAr hadronic end-cap and
\, forward calorimeters
\ | / J ‘ ‘ \
\ /7" Toroid magnets | | LArgleciromagnetic calorimeters
v J ‘ 1
Muon chambers Solenoid magnet | Trensition radiation fracker

“ Fixel detector

Semiconductor rucker

Exabytes of Data | Exabytes of Simulation

ATLAS Submitted Papers

1 I I
= ATLAS Run 1+2

= ATLAS Run 1!
|

— ATLAS Run 2
| |
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ATLAS: 580
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First - measuring the Z boson

1 1 T
40
a) First Level Cuts
30 152 Events
20 .
/->ee 1N VAT
10 .
> f Two EM clusters with
O o L0 i ! E>25GeV.
~t
‘\” o) Second Level Cuts
c A As above plus a track with
O L venrs p>7GeV pointing to the
S 5 cluster. Hadronic and track
S 0 \ n rrh 4 | isolation requirements applied.
L
zg, c) .
6 Final Cuts
L L Events
, A second custer has also an
0 L ! £ h | Isolated track. ‘
0 50 100 150 2
Uncorrected invariant mass cluster pair (GeV/c?) N/~
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Measuring the Z boson at ATLAS

105_IIIYYIIIIYYT”’YIY"’IYY

—4— Data 2010 \s = 7 TeV) _ -1
) Zoun j L dt = 33 pb

=— ] QCD

Bl o ATLAS
.
(] Wouv
- T WwW, Wz, z2Z

LR RLLL
| llll!ll

Ll

N()bs o kag
A.e.L;,

Events/ 1 GeV
Q

A
o
w
B RALLU

Liiii

11 lllllll

Select events with (here)
two muons

- . - ,1
Question: what other selections 10 20 80 90 100 110

can we apply to the muons?
PPY m,, [GeV]

Here | have only considered events with two muons

Question: is this the cross section for Z boson production?
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Measuring the Z boson at ATLAS

%) 1055_1 AL AL (N A B B B B A B BN S r_E
E —4— Data 2010 (\s = 7 TeV) _ -1 3

N,ps— N = e
obs bkg ® e ATLAS

— S B
O — 2 Pk 2 wow |
A € L L - W W, WZ, ZZ -
* *~int - :
10°¢ !
* Backgrounds are small but still need 10 E
to be measured and subtracted - :
1
- duci 10772080 90 100 110
 We will quote a fiducial cross

section corresponding to good detector acceptance m,, [GeV]

« After making the event selection, applying the same selection to all of the
simulations of background processes, and measuring my acceptance and

efficiencies (and knowing the luminosity) - am I done?
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Measuring the Z boson at ATLAS

Table 5: Measured nducial Z — £7¢ differenial and integrawed cross sectioas for electron and muon chaanels.

L —ete Z—

N — N lvee|™  |yee|™ | der/dlyee] Sosm dorsyn  Oem | dorfd|yes] bS0sm  S0sym  SOmmi

obs bk g [pb]  [pbl [pb] [pb] | [pbl  [pbl [pbl [pb]

0.0 0.5 %99 25 16 19 1052 24 11 20

O — 0.5 1.0 1003 27 16 19 019 23 10 19
1.0 1.5 892 27 14 17 898 21 08 17

A . €. L 1.5 2.0 596 24 12 11 610 18 06 11

int 2.0 2.5 196 13 07 04 203 12 02 04

0.0 25 3690 53 47 69 | 3779 44 34 711

* No! You would like to publish with the smallest uncertainties possible
* Every ingredient to the analysis comes with an uncertainty

* Nobs has a statistical uncertainty

* Nbkg is typically composed of several sources (different physics processes) with
corresponding statistical and systematic contributions to the final uncertainty

* A and particularly € have many systematic components stemming from each
reconstruction algorithm that we used

Finally, Lint also has an uncertainty that dictates how well we know the absolute
scale of the measurement - a normalisation uncertainty
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Standard Model Total Production Cross Section Measurements status: July 2018

_Q 1011 5OOA;(b_<l}
Q 80 b ATLAS Preliminary
Theory
S Run1,2 vs=7,8,13 TeV
10° F LHC pp Vs =7 TeV _
B D=2 4546t 3
i o :
10° F o LHC pp Vs = 8 TeV _
C Fat E
Lo E Data 20.2 — 20.3fb! .
10* F LHC pp Vs = 13 TeV .
BEl  D:ia 32-798Mh ! -
103 3 o -
i A o [ | :
2 i
].O 3 A o ’ n E
- Fo Ba B O 3
A N .
total n A n o~ o ]
1 3 —
10° F (=) 2.0 b 5o =
C VBF ]
I [= IS :
1 VH I
3 o n n §
- . :
ttH A S 1
101 F o .

PP W Z tt t WW H Wt WZ ZZ t ttW ttZ tZj

ATAL e{,;’.‘.& L x aeulté-de iann~ng
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Elements of a search

2.7 b7 (13 TeV)

> 1010% Trigger paths

8 oF CMS -
10° & Preliminary Jy - iy

—~ -~ v

@ o F —

S 10F —

> - Y B low mass double muon + track

W 10 =3 double muon inclusive
108 E Z
10°
10*

Discovered: - - 2014 - 1983

'-IIIIIII 1 1 Illllll 1 1 Illllll

1 10 . 10°
wru invariant mass [GeV]

What’s out there?
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Elements of a search

Like Z->ee but at higher mass.

m : | | | | I 1 | | | I ' :
= - . e Data 2011 -
g 10° 3 ATLAS Preliminary Ziy* 5
L - 1 QCD .
10* j L dt = 167 pb Diboson
I W+dets B
» Z'(1000 GeV) =
C Z'(1250 GeV) 3
10° E- Z'(1500 GeV)g
10 ¢ <
1 - ===~ 75
1 il
10 .
1 !
80100 200 300 1000 2000
m,, [GeV]
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Elements of a search

Like Z->ee but at higher mass.

I | | | | I | | | | I l

)] - -
c - | Zoete . e Data2011 -
g 10° ATLAS Preliminary Ziy* e
LL 1 QCD .
10 J- L dt =167 pb Diboson
I W+dets
» Z'(1000 GeV)
C Z'(1250 GeV)
10° E- Z'(1500 GeV
10k ¢
1 - ===
10" Sl
| .
80100 200 300 1000 2000
m,, [GeV]
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Elements of a search

Like Z->ee but at higher mass. Select 2 electron
candidates and plot
their invariant mass for:

(7)) =1 T 1 T T T T T T =
= . . . 4 1. Data
3 10° |4°%® | ATLAS Preliminary i
LL 1 QCD .
10 j L dt =167 pb Diboson
I W+Jets
= Z'(1000 GeV)
B Z'(1250 GeV)
10° E- Z'(1500 GeV
10k ¢
1 = ===
107 el
I !
80100 200 300 1000 2000
m,, [GeV]
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Elements of a search

Like Z->ee but at higher mass. Select 2 electron

candidates and plot
their invariant mass for:

m : | ' | | J I 1 | | | I ' :
e - De 4 1. Data
- _ete- e D¢
g 10° | £°€'€ | ATLAS Preliminary 7/ 2 2. Simulated
B 10 j Ldt=167pb’ Dibo ] Dackground
= IDOSON
P I W+Jets events
» 080 GeV)
: Z'(1250 GeV)
10° Z'(1500 GeV
10 ¢
1 - ===
10° o :
! H 3
80100 200 300 1000 2000
Mee [GEV]
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Elements of a search

Like Z->ee but at higher mass. Select 2 electron

candidates and plot
their invariant mass for:

I | | I U I | | | | I l

0 - =
1= - ete- - e Data2011 - 1. Data
S 10°F Z—e'e | ATLAS Preliminary Zy* 1 2. Simulated
- P CDQ%D . background
10 L dt = 167 pb iboson events
10° \s=7TeV 3. Simulated signal
= with different
102 17'(1500 GeV)= masses
10 ¢ j
1 : ===t
10" Sk :
1 H
80100 200 300 1000 2000

M, [GeV]
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Elements of a search

Like Z->ee but at higher mass. Select 2 electron

candidates and plot
their invariant mass for:

I | | I U I | | | | I l

)] - =
c - L ete- _ e Data2011 - 1. Data
S 10°F Z—e'e | ATLAS Preliminary Zy* 1 2. Simulated
. 10 J.Ldt 167 pb’ S%D : background
= IDOSON
P I W+Jets eyents _
10° \s=7TeV .ﬁ’ 3. Simulated signal
. 212% gex; with different
= (1 e
10° Z'(1500 GeV masses
10k '
Data inconsistent
1 = " T"F witha1TevZ’
10 TH1T | <
80 100 200 300 0 2000
M, [GeV]

/ \ GRAVITATIONAL - .
WAVE 2@ UNIVERSITE Faculté des Sciences
SCIENCE ) DE GENEVE Département d’astronomie
\ / CENTER



Elements of a search

Like Z->ee but at higher mass. Select 2 electron

candidates and plot
their invariant mass for:

| | | | I I 1 | | | I '

) - =
c - L ete- . e Data2011 - 1. Data
S 10°g Z—e'€ | ATLAS Preliminary Zy* 1 2. Simulated
B 10 j Ldt=167pb’ Dibo : background
= Iboson —=
P I W+Jets = e}’e"ts i
103 \s =7 TeV 1 _ 3. Simulated signal
. 212% ge\\g E with different
. (1 eV) 2
10° Z/(1500 GeV) Masses
10 v Cross-section
1 - L AT decreases with mass
- (higher the mass of
10" 1 the Z’, the more data
- needed to discover it)
80100 200 300 10Q0 000
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Elements of a search

And similar for muons Select 2 muon

candidates and plot
their invariant mass for:

I J 1 I I | I | J | I I

w —
+ R -1 1. Data
¢ 10°F |ZH'W | ATLAS Preliminary o Data2011 % 5 gimulated
Z/.Y* E -

L ;

10 p Diboson 4 background

‘ J L dt =236 pb T events
107 \s=7TeV -VQVgéets 3. Simulated signal
102\ 2'(1000 GeV)_ with different
| Z'(1250 GeV) masses
10 . . ‘ Z'(1500 GeV

A ll B Data inconsistent
_d; '1 with a 1TeV 2’

2000
m,, [GeV]

A
Q
N
llllllll RN

o l

80 100 200 300
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Elements of a search

49 e+e' Y T T T T T r.l[; t 2011 ‘(L) u+p- Y T T T T T ™
S fUF— ATLAS Preliminary 7z g ATLAS Preliminary e Data 2011
T = (w . 0
10° k- C| Lat=167pb" 10 (| Lat=236pb’ —rgae
= @ W-+Jets 3 .T\EV "
10° LA \s=7TeV 1§ 1078 \s=7TeV Docd
- O7(1250 Gev) 10? (3211000 Ge
s (1
102 024 eV) []Z'(1250 GeV)
10
1 10"
10 102
T |
80100 200 300 80100 200 300 \Jooo 2000
m, [GeV] m,,, [GeV]

. . Why is the resolution worse in the muon channel?
Differences in:

Resolution
Background composition
Dataset
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Data analysis . i

Bytes

R T T
. 1GeV)

X 8 S
S/5+B) Veignied Events J 1.5 GaV

ATLAS 200132 = 7.8 Taw
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Needles in haystacks

 We record billions of events

* The data are structured but each event is different - unique data science challenge

» Data reduction proceeds via a two-

% 2400 : L) T L) T l L) T T T ] L] L) L) LJ ] T T 1 L] ] L) Ll L) T I L) T T L)
pronged approach: G 2200 Selected diphoton sample
2 000 e  Data201iand 2012
g — Sig + Bkg inclusive fit (mH =126.5 GeV)
U>J 1800 —FR¢$ 3232320202090 memeseee 4th order polynomial
— 4
» Select only the events that you are 1600F S 7 TeV,I Ldt— 48 b
interested in 1400
1200 \s=8 TeV,j Ldt=591b"
*e.g. events with two photons 1000F- Ml
800 L
600
« Keep only the information you need 4001 »
200 ATLAS Preliminary
* Throw away the rest ! o = ' ' % ' '
B» 100
g 0
- -100
 Final statistical inference is only

P I S S S
150 160
m,, [GeV]

PURE S TR S N TR SN SN SU SN SN SUN SN SU S S S S S '
performed on the reduced data 100 110 120 130 140
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Slice and dice - data reduction

Event Properties
>

x|l x2 x3 x4 Xi

event

Simplified picture, in

v reality the event
properties depend on the
event content found by
event reconstruction

e There are two dimensions to our data challenge, one is the (billions) of individual
events, the other is the properties of each event
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Slice and dice - data reduction

Event Properties

>

x|l x2 x3 x4 Xi

event

e \We can reduce data by selecting only our interesting events
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Slice and dice - data reduction

Event Properties
>

x|l x2 x3 x4 Xi

event

e And we can reduce data by selecting only the properties needed for our analysis
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Slice and dice - data reduction

Event Properties
>

x|l x2 x3 x4 Xi

event

e Data reduction usually aims for factors of 100 or more (more than shown here !)
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Ingredients to the ATLAS physics program
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 We make lots of reduced samples of both data and simulation, which all need
to be replicated around the world - a computing challenge !
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The best computing model

 PHYSIES

=

e How to most efficiently do this across the whole physics program making the best use
of computing resources and the best use of people’s time is an important question
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Now you know how to do exabyte-scale physics analysis!

\ "
\\ Tile calorimeters

N\ LAr hadronic end-cap and
\, forward calorimeters
\ | / J ‘ ‘ \
\ /7" Toroid magnets | | LArgleciromagnetic calorimeters
v J ‘ 1
Muon chambers Solenoid magnet | Trensition radiation fracker

“ Fixel detector

Semiconductor rucker

Exabytes of Data | Exabytes of Simulation

ATLAS Submitted Papers
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Now it’s over to you !

Q_o L L D L B T |
= ATLAS 2011 -2012 Obs
8 (s=7TeV: [Ldt=46-481b" ee- Exp. -
Vs =8TeV: [Ldt=5.8-5.9 fb" M+ic
| BT TTLeseSCTTIIIIIIIIIIIIIIIIIIIIIIIIIIIIIITToIIIIIIIIIIIooo e
Your 10-1 : """""""""""""""""""""""""""""" : 10:;-
i g 20
103 e e e 3G
Photo 107
-105 ----------------------------------------------------------------- 4o
0% s
Here 107 ’ >
10° =
1070 e rrmmm o N s s i e 6
107"
10-11 E ol b b b e I\L T T T I T M=
110 115 120 125 130 135 140 145 150
m, [GeV]

« QOur future computing needs outstrip our computing resources
e and computing gets more heterogeneous and complicated
« and we want to be as environmentally-responsible as possible

e So you have work to do - good luck and have fun!
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Contact details

* | am usually based at Geneva Observatory in Versoix, but will
be here at CERN Wednesday 28th through Friday 30th June.

* | will be available for Q&A every afternoon from 3pm-4pm
In restaurant 1, feel free to send questions to my email

* email: paul.laycock@unige.ch
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