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Elementary Particle Physics
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Elementary Particle Physics

0 electron
<10"%m

proton

(neutron)
quark
<10"%cm

nucleus
" ~10""%cm |
atom~10"cm ~10"%cm
Atomic physics, Nuclear Particle
Chemistry physics physics

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp



Elementary Particle Physics

The “Standard Model” of Particle Physics
describes elementary particles and their interactions through
three of the four known fundamental forces

electromagnetic interaction
weak interaction
strong interaction

Formulated in the 1960's, it is a
Quantum Field Theory based on

relativistic kinematics
quantum mechanics
group theory
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Elementary Particle Physics

Describes many observed phenomena with stunning precision

e.g. electric dipole moment of the electron
(g°M-2) /2 =0.00115965218164(76)
(gexr-2) 1 2 =0.00115965218073(28)

Many of it's predictions have been confirmed by experiments

e.g. observation of Higgs Boson at CERN,
40 years after its existence was predicted
to accommodate mass of elementary particles
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Elementary Particle Physics

Does not explain some fundamental observations, e.qg.

Matter — Antimatter asymmetry in the Universe
Dark Matter

Does not incorporate gravity

Holy grail of particle physics today:
Search for phenomena “Beyond the Standard Model”
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Elementary Particle Physics

Two approaches:

“Direct Searches”
New elementary particles

“Indirect Searches”
Confront precise predictions with precise measurements

In both cases, studying very rare phenomena:

Need effective and efficient selection algorithms
to separate signal from large backgrounds

Need to handle huge data volumes
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Standard Model

LEPTONS

=2.3 MeV/c?

charge —» 2/3

spin - 1/2 lJ/
p

u
~4.8 MeV/c?
113 d
12 “f
down

0.511 MeV/c?

e

112

electron

<2.2 eVlc?
. D
1/2 e

electron
neutrino

=1.275 GeV/c?

213 C
1/2 /

charm

=95 MeV/c?

A3 S
12 /

strange
105.7 MeV/c?
-
1/2 u
muon

<0.17 MeV/c?

. Do
1/2

muon
neutrino

=173.07 GeV/c?

213 t
112 /

top

=4.18 GeV/c?

-113

112 b/

bottom

1.777 GeVlic?

1

112 [

tau

<15.5 MeV/c?
. D
1/2 T

tau
neutrino

-9

gluon

=

photon

91.2 GeV/c?
0

1

N

GAUGE BOSONS

Z boson

80.4 GeVic?

+1

=

1

W boson

Elementary particles

April 22, 2017

Event Selection and Data Analysis in Particle Physics

source: <https://en.wikipedia.org/wiki/Standard Model>

O. Steinkamp



Standard Model
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Standard Model
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Standard Model

f )
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Higgs Boson — mass

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp



Standard Model
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Fundamental Questions

Who ordered THAT ?

(Isidor Isaac Rabi on the discovery of the muon)

WHY THREE GENERATIONS ?
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Standard Model
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For each matter particle there is a corresponding antiparticle

« Same mass as the particle, but opposite charge
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Standard Model
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Standard Model
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Fundamental Questions

WHY DO WE SEE SO MUCH MORE MATTER
THAN ANTIMATTER IN THE UNIVERSE ?

BIG
BAN

Cl

u
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Fundamental Questions

7] Y

WHY DOES ANYTHING EXIST AT ALL ? %
u
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Standard Model
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Standard Model

é )
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Particles that are observed consist of

* three quarks (e.g. proton), or

* a quark and an antiquark
("exotic” combinations: Tetraquarks, Pentaquarks)

April 22, 2017

Event Selection and Data Analysis in Particle Physics

O. Steinkamp



Standard Model
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If | could remember the names of all these
particles, | would have been a botanist.

(Enrico Fermi)

izquotes.com

source: <http://izquotes.com/quote/389467>



Reconstructing an Event

Most particles in the particle zoo are very short-lived

Very few are stable or live long enough
to leave a trace in a particle detector

electrons and muons )

protons (uud) r  charged

pions (ud) and kaons (us)

/

photons ral
neutrons (udd) neutra

.sa 20 thelr antivaricles
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly
by measuring their long-lived decay products

Relativistic kinematics

(E-ne )
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly
by measuring their long-lived decay products

Relativistic kinematics

“natural units’:
[ E = m }/ c=1
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly
by measuring their long-lived decay products

Relativistic kinematics

[E2:m2+P2J
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly
by measuring their long-lived decay products

Relativistic kinematics

[mZ:EZ—pZJ
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly
by measuring their long-lived decay products

Relativistic kinematics
[ m? = E?2 _ pz ]

Energy and momentum conservation in the decay
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Reconstructing an Event
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(2015)

J.High Energy Phys.

[The LHCb collaboration, R.Aaij et al.,



Reconstructing an Event
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Reconstructing an Event

LHCb /s = 7TTeV
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Discovery of T Particles in 1977
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http://lss.fnal.gov/archive/1977/pub/Pub-77-058-E.pdf

Discovery of T Particles in 1977
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Yesterday's sensation
Is today's calibration channel

(Richard P. Feynman)

photo source: <https://en.wikipedia.org/wiki/Richard Feynman>
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https://en.wikipedia.org/wiki/Valentine_Telegdi

. Today's Calibration Channel

i LHCb /s = 7TTeV
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Verify / calibrate your momentum reconstruction
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. Today's Calibration Channel
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Width of the peaks measures
precision of the momentum reconstruction
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... Today's Calibration Channel
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[G.Aad et al.



Reconstructing an Event

To reconstruct an event, need to:
 Measure the flight directions of long-lived particles
 Measure the magnitudes of their momenta

 Determine which type of particle they are
(to know their mass and energy)
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Reconstructing an Event

 Measure the magnitudes of their momenta
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Measuring Momentum

Apply a magnetic field — Lorentz force on moving particle
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Measuring Momentum

Apply a magnetic field — Lorentz force on moving particle

F.=qvxB

Particle forced onto a circular trajectory

m-v?

r

=q-v-B = [p = q-B-rJ
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Measuring Momentum

Apply a magnetic field — Lorentz force on moving particle

F.=qvxB

Particle forced onto a circular trajectory

m-v?

r

=qg-v-B = [p = q-B-rJ

Precision of the momentum measurement

—— oC

p JN B-L?

A

precision & number g length over which

of position measurements the trajectory is measured
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Large Hadron Collider

. —

CMS

R, i LHC

27 km long ring in a tunnel 100 m below ground
Two proton beams: clockwise and anti-clockwise
— proton collisions every 25 ns (40 million times per second)
Four collision points: four large experiments
— more than 10'000 physicists, more than 100 nationalities
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LHC Experiments

Run: 214021 2012-11-05 09:48:46 UTC - ‘
Event: 269834309 /TN L= .

All reconstructed tracks

Only well reconstructed tracks with p, > 500 MeV

%%ATLAS

EXPERIMENT

—

=
e #
— 7
4/4;/' 7/,

— = S
: = _ = - X AN
‘ 1 \ 2 7 1 // / Pb+Pb @ sqrt(s) = 2.76 ATeV
’ AN ’ 7/ , 2010-11-08 11:29:42
/ / s Fill : 1444
, " s i

Run : 137124
Event : 0x00000000271EC693
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LHC Experiments

Run: 214021
Event: 269834309

2012-11-05 09:48:46 UTC

A EXPERIMENT
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LHC Experiments
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LHC Experiments

ALICE:

study properties of
the strong interaction

Pb+Pb @ sqgrt(s) = 2.76 ATeV

2010-11-08 11:29:42
Fill : 1444

Run : 137124

Event : 0x00000000271EC693
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LHC Experiments
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LHCb Experiment

collision point
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LHCb Experiment

§| Muon system ® Cherenkov detectors Vertex detector
identify muons % identify kaons and pions measure flight direction

------------------
TRRTRRT TN TR ET R, Br - i LN g tennies BERORT-----cur 0F0 - 0T Cegdessssesseeeea
_______________

Calorimeters [ Tracking system

measure momentum

measure energy
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Overview

Part |l

“Online” event selection
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4 1
Y
-
particle deposits storage,
energy in detector amplification digitization  reconstruction,
— voltage pulse analysis

Millions of detector channels — large amount of data
ATLAS / CMS: 1-2 MB per event
LHCDb: about 100 kB per event
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Data Volume

1.5 MB per event x 40 million events per second

[ ~ 60 TB / sec J

> 10'000 DVDs every second
= 6 billion phone calls
Facebook: = 600 TB / day

— Can't afford to store everything !

April 22, 2017
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Data Volume

Facebook
180 PB/yr

(1 PB = 1000 TB)
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Data Volume

(1 PB = 1000 TB)
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Data Volume

LHCDb
180 PB/yr 15000 PB/Yr

Facebook

Computing
0(500) M$/yr

LHCb
Computing

0(20) M$/yr

(1 PB = 1000 TB)
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Data Volume

But: we are interested in
studying rare processes !

e.g. On average about
one Higgs boson / sec ok

10° g
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plot: <http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html>



Data Volume
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Data Volume
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e.g. On average about w0 % :

one Higgs boson / sec o
99 1°F 10 orders 3
~1F  of :
e ; [ .

Some more events are useful £ 10' t magnitude 3
as “today's calibration channel” © 10 3
10" | E
: 10° | E
But most events are just ok Y :
today's background o | . ;
10° ;— Higgs {GWH .
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— No need to store everything ! 10° | | A
10'? 3 W.JS20I12 L e el , . L : y ! E

0.1 1 10

Vs (TeV)

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp

plot: <http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html>



Data Volume

10°

10°

But: we are interested in
studying rare processes !

10

“TRIGGER?”:

select interesting-looking events,

discard the rest

plot: <http://www.hep.ph.ic.ac .uk/~wstirlin/p\ ots/plots.html>

L wJsz2012 ' . '
1 il A 1 1 I | | 1

1 10

Vs (TeV)
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Trigger Requirements

Needs to have high efficiency for selecting the interesting events
Obviously: want to minimize losses in statistics

Also: losses can cause biases on physics results

Needs to provide high rejection for uninteresting high-rate processes

Determined by how much data you can afford to store

Needs to be flexible

Operating conditions can change

Want to be able to implement new ideas
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Trigger Requirements

Needs to be fast

Data need to be stored temporarily while the decision is made:
the more time the algorithm needs to come to a decision,
the more events need to be stored in parallel

— cost of storage space

Events come in at a constant rate of 40 MHz:
the more time the algorithm needs to come to a decision,
the more copies of the algorithm have to be executed in parallel

— cost of computing
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Trigger Levels

- Detectors
@ Front end pipelines

Readout buffers

Switching network

Processor farms

Low-level triggers:
Full input rate — fast, simple, crude decisions
Usually implemented in custom-made hardware
Higher-level triggers:
Reduced input rate — more time for more sophisticated decisions

Usually implemented in software running on large CPU farms
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Trigger Levels

40 MHz - Detectors
4 MS @ Front end pipelines
example:
1 MHz | 100 kHz Readout buff LHCb | CMS
Switching network
~100 ms Processor farms
12 kHz | 1 kHz

Low-level triggers:
Full input rate — fast, simple, crude decisions
Usually implemented in custom-made hardware
Higher-level triggers:
Reduced input rate — more time for more sophisticated decisions

Usually implemented in software running on large CPU farms
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Low-Level Triggers

Need to be fast and simple

The particles we are interest in studying are usually heavy
ATLAS/CMS: Higgs boson 125 GeV = 125 x the mass of a proton

LHCb: particles containing b quarks = 5 GeV = 5 x the mass of a proton

— Their decay products tend to have large energy and momenta

Typical signatures to look for:
Large energy deposits in the calorimeters

Muons with large momentum
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Low-Level Triggers

Muons with large momentum
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LHCDb “L0 Muon” Trigger

Muons are easy to |dent|fy put lots of material,
whatever you see in a detector behind this material must be a muon
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LHCDb “L0 Muon” Trigger

M5 M4 M3 M2 M1 p
Muon stations

LHCb muon system:
Five detection layers, separated by 80 cm thick walls of iron

First-level muon trigger:
Require coincidence of hits in several detection layers,
pointing back to the pp collision point
— Small deviation in magnetic field — Muon with high momentum
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LHCDb “L0 Muon” Trigger

M5 M4 M3 M2 M1
Muon stations

Algorithm implemented in custom-designed electronics boards,
using FPGA and RAM chips and high-speed data links

Start with a hit in station M3
Extrapolate straight line to M2, M4, M5
Define search windows around the extrapolated position

If matching hits are found, look up the corresponding momentum
(stored in large look-up tables in RAM chips)
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Higher-Level Trigger

Usually a simplified version of the offline reconstruction software,
running on a large computer farm, close to the experiment
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Higher-Level Trigger

Usually a simplified version of the offline reconstruction software,
running on a large computer farm, close to the experiment

LHCb: 58'000 CPU cores

40'000 reconstruction jobs
running in parallel

400 different trigger selections
for different physics analyses

LHCDb has so far published
370 physics papers,
with many more to come

- S
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Higher-Level Trigger

Usually a simplified version of the offline reconstruction software,
running on a large computer farm, close to the experiment

Simplifications necessary to meet CPU time constraints,
but result in poorer resolution
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Higher-Level Trigger

Usually a simplified version of the offline reconstruction software,
running on a large computer farm, close to the experiment

Simplifications necessary to meet CPU time constraints,
but result in poorer resolution

160 ﬂooE
140~ LHCb Preliminary 180~ LHCb Preliminary
120 — 160~
100 3 T g™ ” 140 7 H ”)
g f Trigger 120~ Offline
8O 100
60 el Y ' . R()
3 = I - oo
oE FTTETL NSS4
b : 1% e -
20— : 3 e ~ 20
= .yt "o i 4 i * satdy i ( o - > “ o s,
03600 §800 0200 9400 9600 OO0 10000 10200 10400 10600 10800 03600 ¥R00 0000 9200 9300 9600 9800 10000 10200 10400 10600 10800

m(p'w) [MeVie?) m(p ) [MeVie?)

)

= factor 2 improvement due to better calibration
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Higher-Level Trigger

.

Brilliant NEW IDEA !

implemented in LHCb for
2015 / 2016 data taking:
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LHCDb High-Level Trigger

o
5163 O SV 5173 5179 5181
T TeW- r2.4e+14
6 TeW- F2.0e+14
5 Tel+ F1.7e+14
4 TeW| F 1. 4de+14
3 TevH L1.0e+1d
2 TeV- F6.8e+13
1 TeVW+ F3.4e+13
Ah?c;rgg_ PROTPHYS ~ [ DesS
STABLE BEAM - ﬂ'ﬂ M ® * " ﬂ* ' »
W wo PQ‘-' .3; &\ .- &h‘.‘-’ Q‘J
& o 68 %g 5 @@5@ & o5 @tgs@» @@s Py & P ,0@52: o o8 @fﬁ:
- >

=~ 3 days in August 2016

LHC is colliding protons only = 35 % of the time
Inject fresh proton beams, maintenance work, technical problems,
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LHCDb High-Level Trigger

AQ
T TeV- 5163 (Dxﬁq 6’» 5173 5179 5181 r2.4e+14

6 TeV- F2.0e+14
5 Tel F1.7e+14d
4 Tel/ F1.4de+14
3 TeV- I 1.0e+1d
2 TeV- I 6.8e+13
1 TeV- F 3.4de+13
0 TeV - F1.0e+9

AMODE PROTPHYS
STABLE BEAM - %ﬂ g #® 8 8’ #* ﬁ

B B E L L LS @@{g\h S BB LE @@ﬁ o

- >

=~ 3 days in August 2016

LHC is colliding protons only = 35 % of the time
Inject fresh proton beams, maintenance work, technical problems,

Split High-Level Trigger into two parts

Buffer events that pass a first selection on local disks 10'000 TByte

disk space

— buffer data
up to a wee

Use CPU farm to perform final selection
when there are no collisions and no new data is coming in

Calibration with “offline quality” before final selection
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Overview

Part lli
“Offline” analysis
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Offline Analysis

After trigger selections, experiments are saving of the order of
1'000 events per second for offline analysis

Reconstructing one event takes about 10-20 sec

Might need to run the reconstruction more than once,
if improved reconstruction algorithms become available

In addition: need to generate huge numbers of simulated events
to study reconstruction and selection efficiencies etc.

Generating one simulated event can take up to 15 minutes
In addition: physics analyses
usually fast, but many users, many analysis jobs

— need tens of thousands of processors
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Offline Analysis

After trigger selections, experiments are saving of the order of
1'000 events per second for offline analysis

= 10"° events per year x 1.5 MB per event

— need storage space for = 15'000 TB of data per experiment per year
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Offline Analysis

—7

Solution: the LHC Computing Grid

170 computing centres in 42 countries,
connected by high-speed data links

2 million jobs run every day
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Offline Analysis

Hierarchical structure

Tier-2 sites

Tier 0: CERN + Wigner centre Budapest
— first copy of the raw data i HeRtsEs
— first pass reconstruction . €
— reprocessing during LHC down-times

s

Tier 1: Fourteen large computer centres
— fraction of raw and reconstructed data
— large-scale reprocessing

Tier 2: Large clusters at Scientific Institutions
— specific analysis tasks

— production/reconstruction of simulated events

Tier 3: Local clusters in a University Department
— what the user connects to
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Example: B — p*p-

Example of an analysis:

Search for the decay
Bso —> p,* -
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Example: B — p*p-

{\S T T T T T _E
J ; LHCb Run 2 g
L =
> — B - KK~ E
< — B'—= K*K~ E
S E
mass = 5366 MeV/c? < a000F [ LV 7 Comb. bke E
\mean lifetime = 1.470 PS / E 3
3 E
: ]
@) . | . s |
=~ 5 x the mass of a proton 5600 5800

] _ My - [MeV/c?]
travels = 1 cm in LHCDb before it decays

Decay into pu*u- strongly suppressed in the Standard Model

Predicted “Branching Fraction” = 3.5 x 10°°
(i.e. only about three out of a billion B * mesons should decay into pu*u-)

But other theories (e.g. SuperSymmetry) predict this to be much larger
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Example: B — p*p-

10

10

107

LI AL N AL L L
S
g
<3
<<
<

Limit (90% CL) or BF measurement

00 P . S—
*  ARGUS [1 BaBar —35 - +§ 3
vV UA1 B E LHCb SM: By — u'u
10° =" %% cDF ¢vcms |y ﬂi """"""""""
= | VV L3 o O ATLAS . T ?
1610 ~ | AA DO ®e® CMS+LHCb | SM: B" — u*u- | T
1 9'85I | | I.I glgol | | I1 9'95I | | I20|00I | | I20|05I | | I20|.| 0I | | I20|.| 5I | |

Year

(also B°— pu*u-, even more suppressed)
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Example: B — p*p-

Event 1896231802
Run 177188
Wed, 15 Jun 20 *35:20
B°?
s H

m(utu)=(5379 + 20 ) MeV
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Example: B — p*p-

=33

Event 1896231802
Run 177188
Wed, 15 Jun 2016 21:35:20

pp collision vertex

from fit to other tracks n*u- vertex

in the event from fit to muon tracks

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp



Example: B — p*p-

T =2.32 ps

Event 1896231802 from flight distance
Run 177188

Wed, 15 Jun 2016 21:35:20 and momentum

pp collision vertex

from fit to other tracks n*u- vertex
in the event

from fit to muon tracks
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Example: B — p*p-

signal background

Use twelve discriminating variables
to distinguish between signal and background

( but do NOT use m(u*u) yet)
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Example: B — p*p-

z 03F T T ] B . . -
ER, Lt . — sighal simulation
'g, : == : Dfllfl sidebzinf:ls 3 fb" . : . .
S L ar - Smuionbie —— background simulation
'—::, 0.2 .- =% Simulation signal — _ .
— i  —— “signal” in data
i i (B, — K"K and similar)
0.1 - —
- ;T g - .
=+ e _ ——  “background” in data
I X == 1 — 0
()F':, . - "'m (m(u+u)>m(Bs))
0 5000 10000 15000

pT(B) [MeV/c]
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Example: B — p*p-

ot
s

ER s ' —_— signal simulation
- : - :Dfata sideb;fptjs.sz" o : ] ]
R o Smuaionbie - —— background simulation
= 0.2 .- =% Simulation signal — _ .
— i  —— “signal” in data
i ] (B, — K"K and similar)
0.1 - —
L ST g - .
= e - ——  “background” in data
.
- i
-t _ - 0
0o— — *m (m(u+u)>m(Bs))
0 5000 10000 15000
pT(B) [MeV/c]
= '
E = EH--Cmea sidebands 3 b . -
g 02 4 _-: SD_ata :tx;‘lusli)\: B— hh’ 3 fi5' —|
'?; : :*: =% Simulation siggnal : +
4 | 0
] N Bl ] _ .
0.1F — #
| * * x _ ‘\
= = i
| = - =a=:‘: i —
- "'_._ -, i \
0 L ey e gt~
0 0.05 0.1

[P(B) [mm)]
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Example: B — p*p-

"f 0.6 — T T T T I T T T T I T T T T —
= 5 LHCb 1
& - A =#- Data sidebands 3 fb’' . !J'_
= B == Data exclusive B— hh’ 3 fb' i
h— == Simulation bkg -
";C‘: 0.4 ;_2: =% Simulation signal ]
i - - —
- F ] B
oL _ 0
V2 e ==
- -
—h- -
- -5— -
ﬁn_:zﬂa-.—d::-.m&‘—b—.m
0
0 50 100 150

min(y; (L))
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Example: B — p*p-

"ﬁ 0.6 — T T T T I T T T T I T T T T —
g B LHCb 1
> . ~&- Data sidebands 3 fb"' . l,l,_
= i == Data exclusive B— hh’ 3 f5' |
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_ _
¥ ; T
021 4o == N : K
- o
L ol -
L == -
&n_:m:m..
0
0 50 100 150
min(y2 (1))
P
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s = 4_ =8 Data exclusive B— hh’ 3 fb'
:é - —a— Simulation bkg
= 0.15 — =F =% Simulation signal

oji
§

llllllllllllllllllllll

" F +
: -‘- A\ u
B =x=
0.05— == -a- .
B = *-x-
- --- -
L =g

n

0 0.05 0.1
muons DOCA [mm]
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Example: B — p*p-

For best discrimination:
combine all 12 variables into a single
multivariate discriminator

— Boosted Decision Tree
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Decision Tree

All events
best cut
X > c1> X <c,
best cut best cut
Background Signal Signal

Signal Background

At each step, determine the most discriminating cut for the given sample
The same variable can be used several times
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Decision Tree

Intermediate Nodes N=1000.000000 Decision Tree No.: 0
S/(S+B)=0.500
y< 0.85

N~ —
N=420.000000 N=580.000000

Signal Leaf Nodes

S/(S+B)=0.055 S/(S+B)=0.822
y<1.18 x< 1.06
N=77.000000
N=343.000000 N=92.000000 N=488.000000
S/(S+B)=0.260

S/(S+B)=0.009 S/(S+B)=0.043 S/(S+B)=0.969
x<0.649

N=44.000000 N=33.000000

S/(S+B)=0.000 S/(S+B)=0.606

..
e

-1

-2

(=)
lllI|II|I|III.IJIIII|IIIIIIIIIIII

-3
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Decision Tree

N=1 000-000000 Decision Tree No.: 0
S/(S+B)=0.500
y< 0.85

Backgr. Leaf Nodes N=420.000000 N=580.000000

Intermediate Nodes

Signal Leaf Nodes

S/(S+B)=0.055 S/(S+B)=0.822

y<1.18 X< 1.06

N=77.000000
N=243.000000 N=92.000000 N=488.000000

S/(S+B)=0.260

S/(S+B)=0.009 S/(S+B)=0.043 S/(S+B)=0.969
x<0.649

N=44.000000 N=33.000000

S/(S+B)=0.000 S/(S+B)=0.606

-t

.25
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Decision Tree

N=1 000-000000 Decision Tree No.: 0
S/(S+B)=0.500
y< 0.85

Backgr. Leaf Nodes N=420.000000 N=580.000000

Intermediate Nodes

Signal Leaf Nodes

S/(S+B)=0.055 S/(S+B)=0.822
y<1.18 x<1.06

N=77.000000
N=243.000000 N=92.000000 N=488.000000

SI(S+B)=0.260
S/(S+B)=0.009 S/(S+B)=0.043 S/(S+B)=0.969
( x<0.649 )

N=44.000000 N=33.000000

S/(S+B)=0.000 S/(S+B)=0.606

-t

.25
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Decision Tree

Intermediate Nodes

N=1 000-000000 Decision Tree No.: 0

S/(S+B)=0.500
y< 0.85

N=420.000000 N=580.000000

Signal Leaf Nodes

S/(S+B)=0.055 S/(S+B)=0.822
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~N—
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Decision Tree

N=1 000-000000 Decision Tree No.: 0
S/(S+B)=0.500
y< 0.85

N=420.000000 N=580.000000

Intermediate Nodes

Signal Leaf Nodes

S/(S+B)=0.055 S/(S+B)=0.822
y<1.18 x< 1.06
N=77.000000
N=343.000000 N=92.000000 N=488.000000
S/(S+B)=0.260

S/(S+B)=0.009 S/(S+B)=0.043 S/(S+B)=0.969
x<0.649

N=44.000000 N=33.000000

S/(S+B)=0.000 S/(S+B)=0.606
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Boosted Decision Tree

Advantage: exploits correlations between variables
Disadvantage: not stable
Small fluctuations in the data can make a big difference in the outcome
Solution: “Boosting”

Build many different trees ( O(1000) ),
calculate weighted average over all trees

Automated algorithm:

Apply larger weights to misclassified events,
build new Decision Tree on reweighted events
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AdaBoost Algorithm

For Tree m

§
3
~

]

weight of event x;

err, = >, W,[x|
X, misclassified
1—err
o, = const. X In( .
m

Reweight misclassified events for next Tree
W...(x;) = W, (x;)xe™

Final classifier for event X
Ntrees

T<Xi) — Z a‘m X Tm<xi>
m=1

T (x) = 1 if x; is classified as signal in Tree m
Y 0 if x; is classified as background in Tree m
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Example: B — p*p-

7

Back to B —n*pu-
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Example: B — p*p-

Train BDT on simulated samples of
signal and background events
(where we know for each event whether it is signal or background)

Recalibrate BDT response R
on control channels in data =~ . -
B° — K* 1~ as proxy for signal 10 —0—
Events with m(u*p-)>m(B.° 10':%
(W*u)>m(B.) E LHCH
as proxy for background 103 m Signal
. . e Background
Aim at flat response for signal, 104 e
. 0 0.2 0.4 0.6 0.8 1
peaking at 0 for background BDT

( note logarithmic scale !)
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Example: B — p*p-

Fit two-dimensional distribution of BDT classifier and m(u*p-)
to extract the number of signal candidates

1

LHCb 3fb
TN

{1 : s Seeg oV, 00 ot 0
B A A
e 14 B f’ I T « & .
- 'o"’_’:_.' "l'_ - .

- ~ .

-
-------

5800

5600

2
M- [MeV/c?|

5400

S LA Sy, Sp———

i
a
I
'
I
i
I
I
i

. "
I||I I'I‘l'l [ II | I| L1
" "

5200 »
5000 ‘ ‘:. : .‘ J . , “ —
E| o 1: gy - | " ] [ o ]
0.6 0.8 l

¥

B’ mass
region
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Background from Background from wrongly
random L' U~ combinations reconstructed B meson decays
— Exponential distribution — from simulated events

._:_4-‘3500:'I"'I";'I;"'I" 1 3 NA3_| | L B B B
= 3%00F ©LHCb E L ¢ : L]
% sooo?ﬂu\‘x E g)Tl - 3 Ez.s:— B0 <_»For illustration :
- C <0.23 ] 3 : !
< 2500F- . = = 2 region B'region
£ 2000F- E gl :
= C N _.g 1.5 : .
2 - - - B >t ut* -
S 1500530 region < . :>; 1f TRV, -
1000F +— B region = - B’ -nutu- ]
500}~ = oS B> K'm ]
0: ‘E)IOD. . I52IDOI - I5410[53l : .56100. l I.‘.'»Blilill)l l 6(:)00 oh 150!001 l 152100I 54l06 - ISGIOO‘ I 1581001 I l(:‘u(;OO

my.,- [MeV/e?] m,, (MeV/c?)
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Signal: expected position of the peak from large samples of
reconstructed B_° — K* K™ and similar decays

B — K*K-

1000 LHCb

500

Candidates / (10 MeV/c?)

0k =
2 F =
0
2

5000 5300 5400 5600
Mgy [MeV/ie2]
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Signal: expected width of the peak from large samples of

reconstructed Y — u*u- decays and others

Candidates / ( 20 MeV/c?)

9000 9500 10000 10500 11000
m,.. [MeV/c?]
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Signal: expected width of the peak from large samples of

reconstructed Y — u*u- decays and others

But remember:

Ap , 9 _p_
p B-L

2
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Signal: expected width of the peak from large samples of

reconstructed Y — u*u- decays and others

Y particles are heavier than B_°* mesons

— muons have higher momenta

— worse resolution
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Example: B — p*p-

Need to model the expected distribution in m(u*p-)

Signal: expected width of the peak from large samples of
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Yesterday's sensation
Is today's calibration channel

(Richard P. Feynman)

photo source: <https://en.wikipedia.org/wiki/Richard Feynman>


https://en.wikipedia.org/wiki/Richard_Feynman

Example: B — p*p-

Have models for the expected signal and background distributions
in the BDT classifier and in m(p*pu-)

— Maximum Likelihood fit to the measured distribution
to estimate the number of signal events in our sample

LHCb 3fb

% :
o 5800 ]
= )
= 5600 : -
=1 " i
3 i i 0
5400 - = }Bs mass
bl T 1~ region
5200 e L
5000 , L =
SRR S DT RN B LHAT Y B ST
0 0.2 0.4 0.6 0.8 |
BDT
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Example: B — p*p-

Hurray, find an excess of events around B ° mass at high BDT
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Example: B — p*p-

Hurray, find an excess of events around B_® mass at high BDT
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Example: B — p*p-

Two remaining questions:

Is the excess statistically significant ?

l.e. how large is the probability that it could be caused
by a random fluctuation in the distribution of background events ?

If the excess is “real”, how large is the Branching Fraction ?

i.e. how does the extracted number of B °— pu*u- candidates

translate into a probability for a B ° to decay into pu*p- ?
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Example: B — p*p-

If the excess is “real”, how large is the Branching Fraction ?

i.e. how does the extracted number of B °— pu*u- candidates

translate into a probability for a B ° to decay into pu*p- ?
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Example: B — p*p-

what we

Number of selected signal events
have

Number of pp collisions analysed
X

Probability that a pp collision produces a B_°

X

Probability that the B_° decays to p*p-
X
Probability that the u* and the u- leave a trace in the detector
X

Efficiency of the trigger selection
X

Efficiency of the reconstruction algorithms
X

Efficiency of the offline selection criteria
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Example: B — p*p-

Number of selected signal events what we
_ have

Number of pp collisions analysed
X

Probability that a pp collision produces a B_°
X
Probability that the B_° decays to pu*p- what we

" want

Probability that the u* and the u- leave a trace in the detector
X

Efficiency of the trigger selection
X

Efficiency of the reconstruction algorithms
X

Efficiency of the offline selection criteria
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Example: B — p*p-

More precise

to do a relative measurement
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Example: B — p*p-

Select a reference decay mode for which the

Branching Fraction (decay probability)
is large and well known from earlier measurements

Trigger, reconstruction and selection efficiencies
are as similar as possible to those for B’ —p* -

{BF (Be»un”) = BF (ref) x N(Booww) e (ref) }

N (ref) e (By>p'p’)
I / *
to be determined,
known measured

should be close to 1
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Example: B — p*p-

Select a reference decay mode for which

The Branching Fraction (decay probability)
is large and well known from earlier measurements

The trigger, reconstruction and selection efficiencies
are as similar as possible to those for B’ —pu* -

LHCb Run 2

e B* > JpKY ]
Bt =Tyt |
---- Comb. bkg. E

Actually use two reference decays
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Example: B — p*p-

Is the excess statistically significant ?

l.e. how large is the probability that it could be caused
by a random fluctuation in the distribution of background events ?
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Example: B — p*p-

Maximum Likelihood fit:

Finds optimum values for the fit parameters such
that the probability to obtain the observed distribution
is maximized
Likelihood profile:

Change the values of the parameters

from those found by the fit
and re-calculate the probability

» Sign up for my course “Datenanalyse”
here at UZH in Fall semester

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp




Example: B — p*p-

X

[—
1<
| &

LHCDb Preliminary

x10™

BR(B'—pu*p") =0 is excluded with 99.9999999999997 % probability

Result of the measurement is in good agreement
with the prediction from the Standard Model

April 22, 2017 Event Selection and Data Analysis in Particle Physics O. Steinkamp



Overview

Part |
What are we trying to measure
What do our experiments look like

Part |l

“Online” event selection

Part lli
“Offline” analysis
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