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The particle physics cycle
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Course outline

Lecture 1

* The journey of raw data from the
detector to a publication \
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Lecture 2

« How we reconstruct fundamental
physics processes from raw
detector data

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

N The cross section for a process is defined as
the number of events divided by luminosity
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Measuring cross sections

N The cross section for a process is defined as
O — —— the number of events divided by the
I. integrated luminosity, Lint, which measures
int how much data we have collected
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ATLAS Luminosity
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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

L H C co I I is i o n s Schaumann’s third lecture (11/07/19) on

“Particle Accelerators and Beam Dynamics”
Low B (pp)
High Luminosity

Bunch 2

£ e
/!

10 1 particle.
Bunch 1

beam
size

ALICE) \, = (LHC-B

Low [ (Ions) @TLAS ) Low B
A (B physics)
Low B (pp)
High Luminosity

 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
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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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Melalsurmg Luminosity at the LHC
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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

N
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int
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The cross section for a process is defined as
the number of events divided by the
integrated 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 reconstruction efficiency, g, is
a product of all of the efficiencies that we
need to measure and ensure that they are
the same in our data and simulation - how?



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

No magnet + magnet
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Vertices / 0.50 mm / Event

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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Real vs perfect tracking detectors

The perfect tracking detector
* s constructed from zero mass material
 has no noise
* is 100% efficiency
e and has infinite resolution

A real tracking detector
e js constructed from real material

 particles interact with the detector and scatter, altering the particle
trajectory

e suffers from noise
e noise can be confused with particle tracks
e has less than 100% efficiency

e particles are not always detected and there can even be dead
regions

 has finite resolution
* it may not always be possible to resolve two particle trajectories
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Simulation 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.
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— Course on Detectors

— Course on Electronics
/Trigger/DAQ

— This Course

16



Exabyte-scale physics analysis
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Ingredients to the ATLAS physics program
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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

1072

} Data 2015 ATLAS Preliminary

E | | Pythia8 Simulation (Updated Geometry) - j
= [ | Pythia8 Simulation (Default Geometry) \s=13 TeV =
= Insvl <24 .
= Beam : =
= Pipe i7" IBL IST: =
:_ B-Layer : _:
= R ¥ Layer-1 : =
= : § : X : : Layer-2 =
: Bk : —
b - =
S ' Frame PST! ]
,'.f‘ . \ =

: ; \I‘ N
: 1 i : 1 1 NN 1 ] 1 5‘ s { =
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&
/ Event
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Measuring cross sections

N The cross section for a process is defined as
O — —— the number of events divided by the
I. integrated luminosity, Lint, which measures
int how much data we have collected

Nobs In data needs to be corrected for the

N b detector acceptance, A, for selecting those
O = oos events. The reconstruction efficiency, &, is
A e L. a product of all of the efficiencies that we
+ v Mt

need to measure and ensure that they are
the same In our data and simulation

Nobs — kag Finally, in reality we will have some
O = background to our signal and we need to

A . e. L. subtract those events that are not part of
int our signal process

National Laboratory

- Now we can compare this to the theoretical cross section!
Q Brookhaven
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Physics event generators

QBH comy«ép CASCADE HELAC ALPGEN MCFM
Horace TAUOLA NLOJe’[++’ISAJET POMWIG 3

X " ResBos 75 |
e | JIMMY,

— ki [ BlackMax
— -

= ;LProtos Ethen

‘ “Prospino2 DYNNLO rhe MC@NLO Package §
<7

MadGraph5 aMCE@NLO Top++ ¢ Py MadGraph > <Counesy Z. Marshall

( HARYBDIS

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 !)

I L? Brookhaven
National Laboratory



Exabyte-scale physics analysis

“_“ ';\// E, >
| . \ |'/ . N g/
W
"1 g
‘:' /,/... / y
a g

,\\ e
9 Tile calorimeters

N} LAr hadronic end-cap and

Y\, forward calorimeters
| Pixel detector

/ ‘g‘ A ‘;
\“ /!" ,///
| ,/“ // / ‘

| , Toroid magnets | I \ LAr elocomagnetc calorimeters
v f 1
Muon chambers Solenoid magnet ,' Trensition radiation fracker

Semiconductor racker

Exabytes of Data
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First - measuring the Z boson

| 1 T

40
a) First Level Cuts
30 152 Events
20 .
/->ee 1N VAT

10 .
> J Two EM clusters with
Lj o L0 i k E>25GeV.
‘\” b) Second Level Cuts
c 6 Event As above plus a track with
o e p>7GeV pointing to the

L .
- cluster. Hadronic and track
vy Z \ n rr,H 4 isolation requirements applied.
g 0
g c) .
z 6 Final Cuts

L L Events

, A second custer has also an

0

L | h | Isolated track. J—

0 50 100 150 fﬁ
.J9 b

Uncorrected invariant mass cluster pair (GeV/c?) /

k:.\ Brookhaven
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Measuring the Z boson at ATLAS

105:_IIIYTIIIIYY]"'YIY"'[YY_:

E —4— Data 2010 \s = 7 TeV) _ -1 f
) Zows .[Lm_ssmn

10%E 3 aco
- Wz ATLAS
. I 1
103 s E Weauv

- I WW, Wz, ZZ

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

Events / 1 GeV

O —

Select events with (here)
two muons

-1
1077207 80 90 100 110

Question: what other selections
m,, [GeV]

can we apply to the muons?

Here | have only considered events with two muons
Question: is this the cross section for Z boson production?

k’,‘ Brookhaven
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Measuring the Z boson at ATLAS

%)1055_!|111|]r|11]-'-r11'--[rr_5
E —4— Data 2010 \s = 7 TeV] B -1 3
N, —N & mmree [Lassom
— " - QCD =
obs bkg s O mmo ATLAS
O = S B
— S 103 - ] Wy
A € L L = W, WZ, 2Z
* vt
102§
10%
Backgrounds are small but still need §
to be measured and subtracted 1
: : : 10’
We will quote a fiducial cross /0 8 9 100 110
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 | done?

27
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Measuring the Z boson at ATLAS

Table 5: Measured nducial Z — £7¢ differential and integraed cross sectioas for elecuron and muon chaanels.

L —ete Z— ytu

lvee|™  |yee]™ | derfdlyee] Sosm Sowym 0w | dorfdlyee] S0  Sosym  SOmmi

N — N [pb] [pb] [pb] [pb] [pb] (pb] [pb] [pb]

ObS bk g 0.0 0.5 99.9 25 16 19 105.2 24 1.1 2.0

O = 0.5 1.0 1003 27 16 19 019 23 10 19
1.0 1.5 892 27 14 17 8908 21 08 17

A € L . 1.5 2.0 506 24 12 11 610 18 06 1.1

. . 11t 2.0 25 19.6 13 07 04 203 12 02 04

0.0 75 3690 53 47 69 3779 44 34 71

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 employed

Finally, Lint also has an uncertainty that dictates how well we know the
absolute scale of the measurement - a normalisation uncertainty

28
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Uncertain about uncertainties

o ®

How are statistical, systematic and normalisation
uncertainties correlated across the individual measurements?

k:.\ Brookhaven

National Laboratory



Standard Model Total Production Cross Section Measurements status: July 2018

T~ 11 '500 pb1 o
8 W0 ATLAS Preliminary
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How strange quarks turn into other quarks

s

BR(K* - m*uv)=(8.4+1.0) x 101

up-type:
Strong

d Weak

down-type:

V V

[Buras et al. JHEP 1511 (2015) 33]

Theory predicts this happens ~100 times in a million million kaon decays:

1)

Record a million million kaon decays

2) Analysis - do we count 100 signal events?

©

Yes - Congratulations, that's very impressive!
No - Congratulations, you’ve discovered new physics!

Brookhaven

National Laboratory

1 in 10 billion is the same
probability as finding you
in the Earth’s population

34




Elements of a search

©

2.7 b (13 TeV)

Events / GeV

CMS

Preliminary

Discovered:

'- 1 |

Trigger paths

B
. Yy
I
B,
Y
Y B 'ow mass double muon + track
double muon inclusive

Brookhaven

National Laboratory

wru invariant mass [GeV]
What’s out there?

35



Elements of a search

Like Z->ee but at higher mass.

U) : | J | I I 1 | I | I ' :
c - - e Data 2011 -
g 10° E ATLAS Preliminary Ziy* e
- - 1 QCD -
10% J. L dt = 167 pb Diboson
EW+Jets
. Z'(1000 GeV)
= Z'(1250 GeV)
10° - Z'(1500 GeV)=
10 ¢ <
1 : ===~ 75
10" Sl
! - 1
80100 200 300 1000 2000
m,, [GeV]

k:.\ Brookhaven
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Elements of a search

Like Z->ee but at higher mass.

|llI

Z—ete

10°

Events

10
10°
107

10

1
10

80100

k:.\ Brookhaven
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ATLAS Preliminary

J.Ldt =167 pb’
\s=7TeV

200 300

|
Data 2011

Ziy*
QCD
Diboson

L 1l

I W+dets
B i

.

Z'(1000 GeV)
Z'(1250 GeV)
Z'(1500 GeV

gl

L=

1

000 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 l T T T T T =
= . . . 4 1. Data
§ 10°k | £2€"¢ | ATLAS Preliminary .
LL 1 QCD .
10 j L dt = 167 pb Diboson
I W+dets
» Z'(1000 GeV)
B Z'(1250 GeV)
10° E— Z'(1500 GeV
10k ¢
1 - - —— - —- -—— - -
10" Sl
! - 1
80100 200 300 1000 2000
m,, [GeV]

k:.\ Brookhaven
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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)) =T T 1 1 T T T =
c - 4 1. Data
- —_ + - .
g 10°¢ | 4€"® | ATLASPreliminary 7z, < 2. simulated
H p (DQC;D - background
10 L dt =167 pb DOSoT events
s=7TeV
10° 5 N o6 Gev)
E Z'(1250 GeV)
10° E— Z'(1500 GeV
10 ¢
1 - R e e
10 -
] - |
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:

)] = 1 T 1 T T T T N B =
c - L ete- o 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
10° -E.- (]7'(1500 GeV)a Masses
10 ¢ _
1 = === ==
10 el
o !
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:

)] = 1 T 1 T T T T N B =
c - L ete- o 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 i 3. Simulated signal
. 521 ggg gex; with different
E "(1 e
10° £ Z'(1500 GeV masses
10 ‘
Data inconsistent
1 = " T3  witha1TevZ
10" = Jigl
80 100 200 300 0 2000
M, [GeV]
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Elements of a search

Like Z->ee but at higher mass.

| J |

|lll

10° Z—ete

Events

10
10°
107

10

1

10

80100

k}\ Brookhaven
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ATLAS Preliminary

J-L dt= 167 pb"
\s=7TeV

200 300

Select 2 electron
candidates and plot

their invariant mass for:

' eData2011 J 1. Data
2y 5 2. Simulated
S%D . background
Iboson —=
I W+Jets = eyents _
B 1 3. Simulated signal
5? 000 ge\\g = with different
'(1250 GeV) Z
Z/(1500 GeV)= Masses
Cross-section
—— ... decreases with mass
- (higher the mass of
1 the Z’, the more data
- needed to discover it)
10Q0 000
m, [GeV]
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Elements of a search

And similar for muons Select 2 muon
candidates and plot

their invariant mass for:

2 I -
= g -1 1. Data
¢ 10°F |ZH'W | ATLAS Preliminary o Data2011 % 5 gimulated
Z/.Y* E -
LL ,
10 P Diboson . background
‘ﬁ J Ldt=236pb Bl events
10° \s=7TeV .ggg)ets 3. Simulated signal
102 (1000 GeV)_ with different
] Z'(1250 GeV) masses
10 ¢ Z’'(1500 GeV

b -A 1 I Datainconsistent

L o 3 D
-“I._‘ _d; 1 with a 1TeV Z

107}

107

lllllill RN

. l

80 100 200 300

’ 2000
m,, [GeV]
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Elements of a search

49 e+e- Y T T T T T Y.ID] t 2011 E p"‘p— Y T T T T T ™
§ T ATLAS Preliminary "y § - ATLAS Preliminary e Data 2011
i, E T, . o4y
1045_ ‘ Ldt=167 pb'1 CDiEas 10 ‘ L dt = 236 pb'1 gglboson
- +Jels 3
(o L \s=7TeV 10°g \s=7TeV — o
()Z'(1000 GeV) o’ E]]g'%%oo e
o (1Z'(1250 GeV) 1 571250 GeV)

PR |
80 100 200 300 80100 200 300 \Jooo 2000

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

Resolution

Background composition
Dataset

National Laboratory
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Data analysis Erzr—

Bytes

Funrirg jobs 235092
Trarsfer rate: 11.11 G

0N 140 1%
., 1GeY)

EORR P = r-8Taw

— Crmand () Ervactu Smn 11 Ulp: of state Leograsher
... A y 013009k
20C 400 500 el I ART D NG >
yovole
m, [3eV] C( '\)‘Jk
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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-
pronged approach:

Select only the events that you are
interested in

* e.g. events with two photons

Keep only the information you need
Throw away the rest !

Final statistical inference is only
performed on the reduced data

k‘,\ Brookhaven

National Laboratory
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Higgs discovery in 2012

o f LI I | L L ] LI | T T ] LI L I L I L [ L .
Q.
= ATLAS 2011 -2012 Obs
i:é (s=7TeV: [Ldt = 46481 e Exp.
Vs =8TeV: [Ldt=5.8-5.9 fb" +1c
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2 [ 2 = S W~ e S 1o
102 B T T e 20
10-3 e e e 3G
10
105 ----------------------------------------------------------------- Ly
10°
10-7 ---------------------------------------------------------------- 56
10°®
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110 115 120 125 130 135

LN L b S
140 145 150
m, [GeV]

Now you can appreciate a little better the effort that went into
this plot - and why we were very happy !
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Now you know how to do exabyte-scale physics analysis!
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Contact details

Dr Paul Laycock, based at CERN
Office: B40 4-C-16

email: laycock@bnl.gov or paul.james.laycock@cern.ch

In-person Q&A again!:
Tuesday 13:30-15:00 in Salle Anderson, B40 S2-A01
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