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Fundamental questions

Painting by Paul Gauguin

Where Do We Come From? What Are We? Where Are We Going?
Note that this painting should be read from right to left.
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Experimental particle physics

Basic research in the field of experimental and theoretical particle
physics, finding out what the Universe is made of and how it
works. At CERN, the world’s largest and most complex scientific
instruments are used to study the basic constituents of matter —
the fundamental particles. By studying what happens when these
particles collide, physicists learn about the laws of Nature.

http: //acceleratlngnews web.cern. ch/content/accelerators -celebrating-international-year-light
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How things work at CERN

* Accelerate protons/ions
* Collide bunches of particles| |* Theoretical particle physics

LHC Theory

* Detect particles coming
* Medical from collisions
* Space * Select events of interest
* Materials * Store RAWV events, and
* Computing transfer them around the
. ... world

Applications * Do offline processing

— around the world
e Statistical method + Perform analyses

Experiments
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History from experimental side

Up to 1930 known particles: Electron, photon and neutrino (postulated to
explain the missing energy in B-decay) , proton and neutron (inside Nucleus)
1932: The 1st Anti-particle - the positron - was discovered by Carl Anderson
(1936 Noble prize in Physics for “his discovery of the positron”.

A Theory of Electrons and Protons. . .
By P. A. M. Dirac, St. John's College, Cambridge. J \ B-field ‘

5

(Communicated by R. H. Fowler, F.R.S.—Received December 6, 1929.)

Paper by Dirac to to explain the unavoidable
negative-energy solution for the relativistic
electron. Published 1 January 1930.

DOI: 10.1098/rspa.1930.0013

How did positron travel in the picture?
[J From top to bottom i
[ From bottom to top . . .

How do you know?
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History from experimental side

1932: James Chadwick observed a free neutron.
1933: Fermi set out his theory of beta decay, n - p+e —+ 1

1935: Yukawa Hideki proposed his Meson Hypothesis to describe the
nuclear force due to exchange of particles with mass (Mesons).

1936: Anderson and Seth Nedermeyer
discovered the muon (assumed to be

Yukawais proposed Meson first) was far
too penetrating in matter to be the
required exchange particle between
nucleons and it decayed to an e™

at rest rather than being absorbed N
by the nucleus as a meson would be. D.H.Perkins |

Nature 159, 694 (1947)

1946: Powell, Lattes, Occhialini discovered
the Charged Pion observing the decay 77 — ™ + v,
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History from experimental side
i J:' Charged Pion decayed to muon and neutrino, ™
| followed by muon decay, u™ — e* + 1.

L

T N

1950: Neutral Pion seen decaying to 2 Photons

1958: Discovery of electron mode of charged pion decay
Tt et + veat CERN Synchrocyclotron.

- Giuseppe and Maria
Fidecaro. Giuseppe
set up a group and
£4 nrepared the basic

& equipment for
experiments that
was used in 1958 for
a successful search
for pions decaying
into an electron and
=™ 3 neutrino.

https://home. cern/fr/cern people/updates/2014/02/
maria-and-giuseppe-lives-intertwined-cerns-history
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History from experimental side
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http://lappweb.in2p3.fr/archives/vulgarisation/initour/refa.html Theoe aight partickes Gluon 1979

2012: New particle could be Higgs boson

http://www.eoht.info/page/Particle
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experiments
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Proton collisions

Parton
» The name was proposed by Richard Feynman in 1969.

» Generic description for any particle constituent within hadrons (i.e.
proton)

» Referred today as quarks and gluons.

Proton

» Three free non-interacting quarks (valence quarks) is not enough.

» Valence quarks are imbedded in a sea of virtual quark-antiquark pairs
generated by the gluons which hold the quarks together in the proton.
» Partons = valence quarks, sea quarks and gluons.
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Proton collisions

> <

> Tail Tail
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Legs Legs
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When “You” watch Pikachu fighting, you watch one-by-one interaction,
i.e. Head-vs-Head, Tail-vs-Head, Head-vs-Leg, and then you are looking
for the final result. This is the same case as proton interaction.
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Proton collisions

» First bunch of proton at LHC [Aug 2008]
» A bunch of protons at the LHC contains
roughly 10! protons.

» Multiple pictures of proton-proton
collision in the same time (Pile up).

Y [mm)]

X [mm]

Event hkm atrandom
(filled) bunch crossings
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LHC monitoring

LHC Pagel Fill: 5719 E: 6499 GeV t(SB): 01:40:35 28-05-17 10:35:28

PROTON PHYSICS: STABLE BEAMS

Energy: 6499 GeV I(B1): 8.12e+12 1(B2): 8.32e+12

Inst. Lumi [(ub.s)A-1] IP1: 240.27 IP2: 0.06 IPS: 264.84 IP8: 10.82

FBCT Intensity and Beam Energy Updated: 10:35:28 Instantaneous Luminosity Updated: 10:35:28

BE12 Jql

JE12
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SE12
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BIS status and SMP flags
Comments (28-May-2017 09:46:01) Link Status of Beam Permits
STABLE BEAMS Global Beam Permit

Setup Beam

more news on the next step around lunch time
Beam Presence

Roman pots IN Moveable Devices Allowed In

Stable Beams

AFS: 25ns_75b_63_30_60_12bpi_9inj PM Status Bl S PAIRSV NP Status B2 ENABLED
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LHC experiments
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From collision to physics results

Analysis: Physics of interest
WLCG: Distribute the data worldwide

IE=E = Trigger: Event selection

materials
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Particle detector

I | | |
Om m m am
Key:
, Muon

Electron
Charged Hadron (e.g. Pion)

-~ = — - Neutral Hadron (e.g. Neutron)
----- Photon

Tracker

' Electromagnetic
)’I! l' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

D Bamey, CERN, Febricuy 2004

Aim: to detect as many of the stable and long-lived
particles produced in a particle collision
Need to measure: Charge, Mass, Energy, Direction
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Keyword: Particle Interactions

A charged particle interacts with the electrons and nuclei in matter.
Electromagnetic interaction causes ionisation along the path of the
particle. lonisation loss used in almost all types of charged particle
detectors: Emulsions, Bubble, Spark, Scintillation, Wire and Drift
Chambers. [visit microcosm)]

Electron Electron

Not only the ionization
ePair production
eCompton scattering
eBremsstrahlung

Charged

Positron Particle

Electron

What are these processes?| ™°  Bectron
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Signal creation

Charged particle traversing matter leave excited atoms, electron-ion pairs
(gases) and electrons-hole pairs (solids)

e Excitation: Photons emitted by the excited
atoms in transparent materials can be
detected with photon detectors.

e [onization: By applying an electric field in
the detector volume, the ionization
electrons and ions can be collected on
electrodes and readout.
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Particle detector: Momentum & Charge
Charged particles are deflected by magnetic field
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p 0= Pr =}’m0:BC
®B q|B|  q|B|

[Jl *By measuring the radius of curvature

we canh determine the momentum of a
particle.

. *|f we can measure also B independently

we can determine the particle mass.




Particle detector: Tracker
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Particle detector: Energy

How do we measure the energy in food?

Google said “Burn food samples under a
boiling tube containing a measured
amount of water. Measure the
temperature increase in the water.
Calculate the amount of energy needed
to cause that temperature increase. This
gives an estimate of the amount of
energy stored in the food.”

boiling-tube

‘ Food, burn it!
What is the concept behind this experiment?

Release the food energy to boil water
until the food is gone.
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Particle detector: Calorimeter

In nuclear and particle physics [ 7 | T
. . m m m )
calorimetry refers to the detection of Key: ’
particles through total absorption in a Electron
Charged Hadron (e.g. Pion)
block of matter. — — — - Neutral Hadron (e.g. Neutron)
. mmee- Photon
e The measurement process is
destructive for almost all particle.
e The exception are muons (and
neutrinos) (
e |[dentify muons easily since they
penetrate a substantial amount of

Muon

Silicon
Tracker

matter
e |n the absorption, almost all particle’s )_”" cecromogret /
; alorimeter
energy is eventually converted to '
. Hac}ron Supercondt'
heat - calorimeter Calorimeter Soleno

* Calorimeters are essential to measure  Tprevesesie
neutral particles
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detector: Energy

83744420271 Gm’sﬁwm CALorimeter
N _ ¢ G T Y ﬂad ryron i C
»CALorimeter
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Electromagnetic calorimeter

| |
u i [
| ' !
| : | '

Photon or Pair production | |
“camma” ray | ol .
: \ ' e - :
: ’Y | e I
e : ' |
| / e — ﬂd"
: ' . |
Bremsstrahlung : | +
0 1 2 3

Counting interaction lengths
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Electromagnetic calorimeter

e CMS ECAL is homogeneous (Entire volume is sensitive and contributes a
signal)

ECAL (EE)
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Hadronic calorimeter

e Hadrons interact with detector material also through the strong interaction

e Most of HCAL is a sampling calorimeter (Material that produces the particle
shower is distinct from the material that measures the deposited energy)

ZAE. .+ ZAE _=E. +E =E

nvis VIS invis VIS absorbed

::1:3 P ‘7
3 T %———- =
incident ol el XL 2B e
energy rry W it A T aE .
\\‘V
absorber detector YAE =F
plates sheets vis vis

Discussion: Pros & Cons between total absorption and sampling calorimeter
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Experimental particle physms

ihttp //www symmetrymagazme org/artlcle/august 2012/part|c|e phy5|cs tames blg data \5\\"

High Energy Physics is a statistical science:
Processes have a probability to happen.

The smaller it is, the more data (collisions) are needed for an
observation, discovery or finally precision measurement.
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Triggering events

» Collision every 25 ns (40M events per sec)
» ~2 MB per events
» 80 TB per sec

V 25 ns

Impossible for storage and CPU to process all events

» We need pre-selection based on physics of interest
= j.e. Higgs decay modes (e.g. H to ZZ to 4mu)
= We look for “stable” products, i.e. lifetime is
larger enough and those particles interact with
detector
v 25 ns » Trigger system
= Electronics
= Computing (full pictures of collision)

V 25 ns

V 25 ns

Norraphat SRIMANOBHAS (Norraphat.Srimanobhas@cern.ch)



Triggering events

Trigger Rate
40 MHZ [ oucen

....
- — |

-— -

™ et

-

-
-
- -

We need
= Fast electronic devices
=Fast computing algorithms

to make a trigger system
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In the offices of this corridor, all the fundamental technologies of the World
Wide Web were developed.

Started in 1990 from a proposal made by Tim Berners-Lee in 1989, the effort
was first divided between an office in bullding 31 of the Computing and

Networking Division (CN) and one in building 2 of the Electronics and
E TH E Computing for Physics Division (ECP).

.-..--—

4,._.‘ J‘/__

In 1991 the team came together in these offices, then belonging to ECP.
It was composed of two CERN staff members, Tim Berners-Lee (GB) and

Robert Cailliau (BE), aided by a number of Fellows, Technical Students,
a Coopérant and Summer Students,

At the end of 1994 Tim Berners-Lee left CERN to direct the WWW
Consortium (W30), a world-wide organization devoted to leading the
Web to its full potential. The W3C was founded with the heip of CERN,
motummnamuouﬁnummmmaudmotogy
(M >‘t‘!(t‘e‘,:lu.stlmNltlomlpourlaRcdmd\eeﬂmfommiqoceten
Q-

v
Automatique (INRIA), and memmm

» ot
1G0L Tiews Do e\ N o,
mn 19 i . . g el r ' fals
In 1995 Tim Berners-Lee ani
-\"'4".‘-..' "ot
e Worlc
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Analysis

SUPERSTRIN &G

Ec SGrand S'ocs)
Cd mi€tricaliom

Anti-vmoatTlter
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Standard model

* Measuring any quantities related to SM processes, i.e. mass, cross-section

May 2017 CMS Preliminary
| p—| = —
Q TS S A S S S S S A .
O T T @ 7 TeV CMS measurement (L < 5.0 fb™) .
— —a® . 0 m 8 TeV CMS measurement (L < 19.6 fo™)
@) g m 13 TeV CMS measurement (L < 35.9 fo')
CoLnjetld) ¢ b — Theory prediction
~ - L La Z. CMS 95%CL limits at 7, 8 and 13 TeV

— — —h —h
o o o o
N w N o1

—h
UL IIIIII|

Production Cross Section
(@) —_
N o
1 IIIIIII|

—h
<
N}

10°°

41 : : : : : : : : : : : : : : : : : : : : L : :
10 ! ! ! ! ! ! ! TEW TEW V7 =TEW EW TEW TEW ] ! ! ! ! ! ! ! ! ! ! ! ! VBE] ! ! !
W' Z Wy Zy WW WzZ ZZ qqW qaZ WW WyjissWW Zyji  ZZii WVy Zyy Wyy  tt "t tW t_, tty tZg #tW ttZ titt ggH H VH ttH  HH
EW: W—lv, Z—Il, I=e,u Th. Ac,, in exp. Ao

All results at: http://cern.ch/go/pN;j7
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BSM: Extra-Dimensions

Hierarchy problem February 1, 2008 SLAC-PUB-7769
SU-ITP-98/13
» Mp ~1019 GeV

The Hierarchy Problem and New Dimensions at a

» Mew ~100 GeV Millimeter
Nima Arkani-Hamed*, Savas Dimopoulos** and Gia Dvalif
4 MQCD ~100 MeV * SLAC, Stanford University, Stanford, California 94309, USA

** Physics Department, Stanford University, Stanford, CA 94305, USA

» Why gravity is so weak? t ICTP, Trieste, 34100, Italy

» Few different ways to solve

this problems (from theory Viewed from Far Away

point of view) 1 apparent dimension
= Extra dimensions -
= Supersymmetry

Viewed from Close Up
2 dimensions
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BSM: Dark matter

Strong evidences for the existence of dark matter, i.e. :

zoollllllllllllll

E NGC 6503 1 Galactic rotation curves

o T
F o 7 CLUSTER OF
g ) P GALAXIES e
T
. VN 5
A

l Bullet cluster
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BSM: Analysis of ED & DM

S0

(a) DM simplified model. (b) Electroweak-DM effective inter- (c) ADD graviton production.

action.
CMS Prellm/nary 12.9 fb (1 3 TeV) CMS Pre//m/nary 12.9 fb ( 13 TeV)
T . T 7 == — T
%J 2 ] v+et, W(HV) (")Y, W(tv), tty |:| Wz, 72, WWY %1 02 | [ y+jet, W(LW) (”)% W(tv), ﬁY |:| Wz, 727, WWY —
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T N EE Wy— vy C Zy> vy ] T — EEE Wy— vy C Zy—> vvy -
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Tl S : T -
| - o NS — E 18 E
10 = 3 = 10" = 2 = 2 =
I S — — i :g
10° I = 10° =
100 0% .
s 4r s 3 -
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S 2 i - -
8 1-?:‘_);77773/-/ = f/ﬁ//f/////’—//yxf/ﬁ/y///////%%//// 8 S ﬁ/fff///WWﬁf
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(a) Photon pt (b) Particle Flow Et
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BSM: Analysis of ED & DM

CMS Preliminar . )
;‘ I_l T 11 I LI L L] I LI L L Iyl 11 I LI L L I T 1 11 I | L I L l_ 10_33 CMS Pre/lmlnary Vg - 13 Tev, 12-9 fb 1
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= 3F — CMS (Observed) 8 TeV, 19.6 16 E R R
2 8k - = T | \
5 1 st N\
26 — I - e 1 0—40 ........................................
F I femmmmnaan 27T 8 5107 CDMSLite 2015
- 1 — - |
S e o AR TR EHTNE 1 © 0% — Luxaois
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5 1 . 10—44 \
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BSM: Black Hole

Extra Dimensions

» G
S
2 A
£ :
o
©
= | Planck scale
a few TeV?
7 CMS Vs =8 TeV L=12.11b"
E Multiplicity N = 2
S1of ¢ Data | Look for the decay products
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g — Background  Mlttoar of an evaporating black hole
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©
= CMS Experiment at LHC, CERN
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BSM: Supersymmetry

Standard particles SUSY particles

ud ¢4 1

Higgs

. Force particles Squarks O Sleptons 0 SUSY force
particles

© Quarks ‘ Leptons

» Bridges between particle and space; New type symmetry
» Provides the good candidate of Dark Matter (WIMP)

» Higgs mass becomes light & E scale naturally is provided.
» Unifies 3 Forces (EM, Weak and strong)
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BSM: Supersymmetry

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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Summary

Victor Weisskopf (CERN director-general, 1961-1966)

Question:
Why do so many of the brightest students want to do
theory?

1) Almost all courses are theoretical
2) Almost all textbooks are theoretical

"We choose to go to the Moon, we choose to go to the

Moon in this decade and do the other things, not because
they are easy, but because they are hard, because that
goal will serve to organize and measure the best of our
energies and skills"

John F. Kennedy, Rice University, Sept. 12, 1962
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Questions
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History from experimental side

Up to 1930 known particles: Electron, photon and neutrino (postulated to
explain the missing energy in B-decay) , proton and neutron (inside Nucleus)
1932: The 1st Anti-particle - the positron - was discovered by Carl Anderson
(1936 Noble prize in Physics for “his discovery of the positron”.

A Theory of Electrons and Protons. i . ‘ o R
By P. A. M. Dirac, St. John's College, Cambridge. / ‘ f\\._ Bt Tl N "; ,
(Communicated by R. H. Fowler, F.R.S.—Received December 6, 1929.) & 7 | ; "\\f,'; 3 | 2 ‘ b ; ..
fara 3 4 ; : \ ol % ‘

Paper by Dirac to to explain the unavoidable =+ = =
negative-energy solution for the relativistic RS AR Sl
electron. Published 1 January 1930.

DOI: 10.1098/rspa.1930.0013

Question | [1 point] e &,
. . ' 1 ki / b O R ; ‘ ; “*‘, w:,‘“
How did positron travel in the picture? S T el ,*ﬁ’
[J From top to bottom T e
[] From bottom to top ag / iy

How do you know?
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History from experimental side
i J:' Charged Pion decayed to muon and neutrino, ™
| followed by muon decay, u™ — e* + 1.

L

T N

1 1950: Neutral Pion seen decaying to 2 Photons Question 2
% [1 point]

1958: Discovery of
at CERN Synchrocyclotron

- Giuseppe and Maria
Fidecaro. Giuseppe
set up a group and
£4 nrepared the basic

& equipment for
experiments that
was used in 1958 for
a successful search
for pions decaying
into an electron and
=™ 3 neutrino.

https://home. cern/fr/cern people/updates/2014/02/
maria-and-giuseppe-lives-intertwined-cerns-history
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Keyword: Particle Interactions

A charged particle interacts with the electrons and nuclei in matter.
Electromagnetic interaction causes ionisation along the path of the
particle. lonisation loss used in almost all types of charged particle
detectors: Emulsions, Bubble, Spark, Scintillation, Wire and Drift
Chambers. [visit microcosm)]

Electron Electron

Not only the ionization
ePair production
eCompton scattering
eBremsstrahlung

Charged

Positron Particle

Question 3 [2 point]

What are these processes?| ™°  Bectron

Electron
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EXxercises

Question 4 [1 point]
Tim Berners-Lee, a British scientist at CERN, proposed the World Wide Web
(WWW) in ............. (Year).

Question 5 [1 point]
What is an order of number of protons per bunch at LHC? 10*, x = .........

Question 6 [1 point]
The beam space between bunches of protons at LHC in 2016 is .......... ns
(nano-sec).

Question 7 [3 point]
How many experiments we have at the LHC? [1 point] .................
List them all [2 POINT]: oo o,
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