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Review of Standard Model

Standard Model is

* an effective theory
* A chiral theory

A gauge theory

 Brout-Englert-Higgs mechanism is not a direct
implication of SM = Spontaneous Symmetry Breaking



CERN (www.cern.ch)

»

“Conseil Européen pour la Recherche Nucléaire

The CERN convention was signed in 1953 by the 12 founding statesBelgium, Denmark, France,
the Federal Republic of Germany, Greece, Italy, the Netherlands, Norway, Sweden, Switzerland,
the United Kingdom and Yugoslavia, and entered into force on 29 September 1954.

The Organization was subsequently joined by Austria (1959), Spain (1961-1969, re-joined 1983),
Portugal (1985), Finland (1991), Poland (1991), Czechoslovak Republic (1992), Hungary (1992),
Bulgaria (1999), Israel (2014), Romania (2016) and Serbia (2019). The Czech Republic and
Slovak Republic re-joined CERN after their mutual independence in 1993. Yugoslavia left CERN
in 1961.

Curiosity Discovery Technology Engineering Knowledge *



CERN'e

N

uyelik ve gozlemcilik

CERN has 23 Member

States: Austria, Belgium, Bulgaria,
CzechRepublic, Denmark, Finland, France,
Germany, Greece, Hungary, Israel, Italy,
Netherlands, Norway, Poland, Portugal, Romania,
Serbia, Slovakia, Spain, Sweden, Switzerland and
United Kingdom.

Cyprus and Slovenia are Associate Member States
in the pre-stage to

Membership. India, Lithuania, Pakistan, Turkey a
nd Ukraine are Associate Member States.

The European Union, Japan, JINR, the

Russian Federation, UNESCO and the

United States of America currently have Observer
status.




Cooperation between nations,
universities and scientists is the driving
force behind CERN’s research.

As of 2017, more than 17 500 people
from around the world work together to
push the limits of knowledge. CERN’s
staff members, numbering around
2500, take part in the design,
construction and operation of the
research infrastructure. They also
contribute to the preparation and
operation of the experiments, as well as
to the analysis of the data gathered for
a vast community of users, comprising
over 12 200 scientists of 110
nationalities, from institutes in more
than 70 countries.




If these totally globalized experiments did not
';1 stall as Babel’s Tower did, was due to.......

. Austria Belgium Bulgaria
CMS in 2010:
2030 Scientific Authors / Finland
USA CERN
38 Countries
F
174 Institutions ry Germany
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Georgia :

Belarus Poland

Armenia \’ortugal

Turkey Brazil
Serbia Korea China, PR

Pakistan /M fexico China (Taiwan)

Iran

New-Zealand Ireland Colombia
Croatia

India Cyprus
Estonia

........ everybody using the metric system (no inches, feet, yards, pounds,
imperial gallons etc)........ and the use of english!



0 sapiens-sapiens has a propensity to build circular
ctures and made some progress over past 11 000 years'

Goebekll Tepe ~ 9000 BC Sanh Urfa/Turklsh Synan border 212
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15-m long
“ LHC cryodipole
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The Universe as we know today

Four fundamental forces:
Gravitation

‘Weak

*Electromagnetic

*Strong

But this was not the case always.
This picture is a result of a broken
symmetry

Par"rlcles have mass. Par"rlcles would have no mass...but they have, thanks to
BEH mechanism




Some important concepts of particle physics

h h
* No real vacuum due to uncertainty principle AzAp > — = 5
 Decay & fields
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electromagnetism (QED) weak strong (QCD)

Handiness (Chiral theory)
z Weak hyper charge of ¢, =1;
Weak hyper charge of e;=0

right-handed left-handed
h=-+1 h= =1
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Some important concepts of particle physics

h h
« No real vacuum due to uncertainty principle AzAp > — =

41’\ 5
 Decay & fields

g
s
Electric q q

charge color charge

Weak hyper charge

Z Handiness (Chiral theory)
Weak hyper charge of ¢, =1;
e e Weak hyper charge of e;=0

right-handed left-handed
h =441 h=-1
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Energy=matter

Everything around us consist of 3
fundamental particles:

electron

u quark

d quark

But there are infinite number of other
particles: 2 more leptons and combined
particles (combinations of 2 or 3 quarks)

But they decay to stable particle very
fast

Every particle has an anti-particle
(opposite quantum number; opposite
charge,..).

In total 6 quarks (and 6 anti-quark) ,
6 leptons (and 6 anti-leptons)




Space-time started

15x10° ~13.7 billion years ago
10? years

3|05  Years (today) In the first nanoseconds,
all forces (gravitation,
electroweak and
strong) were unified.
They are seperated as
the universe became
colder

In the beginning of time, when
the Universe was getting
colder, the energy transformed
to matter

time
space

107
10+

BIG 'C’N\'

Z
BANG "0 w
1032 ¢

degrees g%/
degrees

--> Matter-anti matter

105 symmetry breaking

degrees --> subatomic particles

--> baryons, mesons

KE)’I NS\ photon % sar

--> Nucleo synthesis
W, Z bosons £} meson

R B oo --> transperant universe (CMB)

e electron
positron

o ion &)

V neutrino atom 4 hole

It looks like everything is going from kaos to order, but on the contrary!
Electron, proton --> hydrojen atom -->stars --> heavy atoms

Supernova --> our sun --> earth --> life
(entropy is lowered due to the local energy sources)
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SM as an Effective Theory
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Symmetries in Physics

A symmetry is a change of something that leaves the physical
description of the system unchanged.
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Symmetries in Physics

A symmetry is a change of something that leaves the physical
description of the system unchanged.

 Physical symmeftries: People are approximately bilaterally symmetric;
spheres have rotational symmetries

* Laws of nature are symmetric with respect to mathematical
operations, that is: an observer cannot tell whether or not this
operation has occurred

Saying that Newton's laws are the same in any inertial frame is to say
that those laws are symmetric under translations at uniform speed.

Maxwell's equations do not have this property = Einsteins' Special Relativity
does (in fact originally it is called Invarianten theorie)

=>» Poincaré groups



Symmetries & groups

Evariste Galois , 1832 - group theory



Symmetries & groups

Evariste Galois , 1832 - group theory

A set of symmetry operations is a group if it has following properties:

1.Closure.

If R and /-?J- are in the set, then the product, R,RJ- is also in the set; that is, there
exists some R, such that RR; = Ry.

2. Identity.

There is an element I such that IR, = R.I = R; for all elements

3. Inverse.

For every element R; there is an inverse, R?, such that RR* =R IR=I

4. Associativity. R(RR,) = (RR)Ry

I
|
1
|
l
|
!
|
I
|

equilateral triangle, clockwise rotation
through 1200



Symmetries & groups

William Rowan Hamilton in (1843) Quaternion: i
a+ bi+ cj+ dk "rotations"” of space e
rotations of space: SO(3) N |
relevant group for electrons is SU(2) | N
|
j 4

Graphical representation of
quaternion units product as
90°-rotation in 4D-space

nouwn
P
-_— KK
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Symmetries & groups

William Rowan Hamilton in (1843) Quaternion: i
a+ bi+ cj+ dk "rotations" of space "
rotations of space: SO(3) N LS
relevant group for electrons is SU(2) | N
y i) 1
4
j 4

Eugene Wigner, 1927 6Group Theory and Its 2
Application to the Quantum Mechanics of Atomic i hical feprastition ot

Spec fra quaternion units product as
90°-rotation in 4D-space

nouwn
[
-_— KA

- S

right-hand pattern has swapped dark regions for light.
=> spontaneous symmetry-breaking

E Left-hand pattern symmetrical

spectrum of drum frequencies (rotated 180°)



Symmetries in Physics

In classical mechanics we have learned that to each continuous symmetry
transformation, which leaves the scalar Lagrange density invariant, can be
attributed a conservation law and a constant of movement (E. Noether,
1915)

Continuous symmetry transformations lead to conservation laws



Symmetries in Physics

In classical mechanics we have learned that to each continuous symmetry
transformation, which leaves the scalar Lagrange density invariant, can be
attributed a conservation law and a constant of movement (E. Noether,

1915)

Continuous symmetry transformations lead to conservation laws

Symmetry

Invariance under | Homogeneity of | Isotropy of

Transformation

Conserved
quantity

movement in space space

time

Translation in Translation in Rotation in space

Time space

Energy Linear momentum Angular
momentum



Symmetries in Physics

In classical mechanics we have learned that to each continuous symmetry
transformation, which leaves the scalar Lagrange density invariant, can be
attributed a conservation law and a constant of movement (E. Noether,

1915)

Continuous symmetry transformations lead to conservation laws

Symmetry

Invariance under | Homogeneity of | Isotropy of

Transformation

Conserved
quantity

movement in space space

time

Translation in Translation in Rotation in space

Time space

Energy Linear momentum Angular
momentum

No single evidence for violation of these symmetries has been observed so far



SM & Group theory

baryons, mesons, leptons,....

e, T ...



SM & Group theory

baryons, mesons, leptons,....

e/ I'l/ T/

—— humans (genus Homo)
humans
Hominini chimpanzees (genus Pan)
Homininae
gorilias {(genus Gorilla)
Hominidae Gorillini
great apes
primates o
Hominoidea
Catarrhini L orangutans (subfamily Ponginae)
Simiiformes
Haplorhini
Primates . :
gibbons (family Hylobatidae) ' esser apes




SM & Group theory

baryons, mesons, leptons,....

e 32MeV
S, 1232MeV
1385MeV
1530MeV

1672MeV

DAMIIorNmes

Haplorhini

Primates

€, I'l/ [

Homininae

—— humans (genus Homo)

Hominini chimpanzees (genus Pan)

nidae

gibbons (family Hylobatidae) '

gorillas (genus Gorilla)

Gorillini

orangutans (subfamily Ponginae)

humans

great apes

lesser apes



Discrete symmetries

C — charge
* P — parity
[ —time

C: +2>* ;- >+

C,P, T,CP, CT, PT are invariant under strong& EM interactions

But heavily violated at weak interactions
N O e s e ——

y—2>-X

) ) Not quite
CPT invariance i



Parity violation in weak interactions !

1956, T.D. Lee and C.N. Yang > Parity might be violated in weak int. (tau puzzle K > 2m and 3m)
1957, C.5. Wu proved experimentally that parity is violated

B le Magnetic

2 Angular distribution of electrons

Beta emission is
preferentially in
the direction 80
opposite the Co
nuclear spin, in
violation of
conservation

of parity.

Nuc‘iear I 1
spin .
I(6’):1+0{G i —1+ aZ cosf
E C

e

1 .
o - spin vector of electron
r

Wu, 1957 P, - electron momentum

o™ Ni+esv E. - electron energy

- —1 for electron
~|+1 for positron




Number of decays

CP violation
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CP violation in
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Number of decays

CP violation

Tt — ut
| T
s CP
!
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Is not enough for baryogenesis!

J.Cronin, V.Fitch, 1964:
CP violation in
neutral K-mesons

I'( B — VK g ) # F(B(:) — YK g)

Ks, K # K, ,K_



gauge symmetries

Accordingly, the Standard Model Lagrangian satisfies local gauge symmetries
(the physics must not depend on local (and global) phases that cannot be
observed):

half-period phase shift

N ,
\//\\/ \//\\//\

gauge symmetry: a symmetry in the change of phase in light.

phase of light can be changed at will at all locations in space and time, and the laws of
physics should remain invariant.
= gauge symmetry of Maxwell's equations,
and its quantum version: quantum electrodynamics (QED).
.. and also QCD



Standard Model as a gauge theory

Theoretical foundation: 1930’s - 1970’s experimental confirmation 1980’s

Weak
interaction

Transformation  U(1) gauge SU(2) gauge SU(3) gauge
transformation transformation transformation

Conserved Electric charge  weak charge color charge
quantity (parity is not
conserved)

approximate symmeftries)
Quark (baryon) and lepton numbers
evidence for lepton flavor violation in "neutrino oscillation”



Lagrangian

[: invariant under Poincaré (Lorentz+translations)

S — / d4$£(¢@, a,u ¢Z) tranformations and internal symmetries

The symmetries of the lagrangian specify the interactions

Fields are classified according to their transformation properties under Lorentz group

/ /
ot — 't = APg” P(X) — ¢'(X')
VHE — AP vector Qb/ (X) — ¢(X) scalar
oL oL
05 =0- Euler-Lagrange equations —— — 0 =0
0d; "9(0.9:)
Invariance of action under There is a conserved current/charge

->

continuous global transformation - A" =0 Q= /d3a;j0(gc,t)



Phase transitions and Symmetry Breaking
particle M\ /\ /D [E=me?| ¢\ \J Anti-

particle

!
f
Hidden symmetry | liquid
ff _~ Critical point

T solid f,f s
F 7
|

pressure ‘ E

gas No particle can be creating
without the breaking of particle/
anti-particle symmetry

temperature ——»

Nucleus v Electron [C-",'

Symmetry breaking ~ phase transition A4
Although the underlying laws of nature are the same at = LN

all times, they lead to different behavior at different

energies— just as the same laws cause water to be solid .
at low temperatures, liquid at medium ones, and a gas at 37
high ones.

37



What Makes Apples Fall From The Tree

&’b‘ "(
4 ,-r‘-‘

8 ) @
hy l' f V;.
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~ vl
~ %mt d N

by Frits Ahlefeldt
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What Makes Apples Fall From The Tree

A physical system goes always to its lowest
energy level

by Frits Ahlefeldt 39



A SymmeTtrical Universe

Field is a condition of the space, which characterizes the behavior of space,
functions of space. Empty state (vacuum) is the state of the lowest energy.

All fields contain energy. Consider an empty volume filled, for example, with an
electric field. Even though this volume has no particles in it, it contains energy. The

energy depends on the strength of the electric field.

Amount of
Energy

Strength of the Field

40



A SymmeTrical Universe

Field is a condition of the space, which characterizes the behavior of space,
functions of space. Empty state (vacuum) is the state of the lowest energy.

All fields contain energy. Consider an empty volume filled, for example, with an
electric field. Even though this volume has no particles in it, it contains energy. The
energy depends on the strength of the electric field.

Amount of
E.”e'"9Y Energy Field cost energy
diagram of a Causing to vibrate (exciting)
Field: Energy the field
IS at minimum - vibrations are the particles
when the (quanta) of the field

Field is zero

_—— Strength of the Field

The Universe

settles down to
a state with as
little energy as

possible This is a Symmetric Universe

and nothing happens there “



Mexican hat or wine bottle.....

L=0d,¢ 8¢p-V(p)

invariant under:

@ —> e

Vip)=w'e ¢+ Mo @)’

o\

Amount of
Energy

_ ¢ +i9,

TR

0 Strength of the Field
42



Intro to Brout -Englert-Higgs Mechanism

(Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble, 't Hooft)
For the history: Frank Close, Infinity Puzzle

If we take M? (related to Higgs — >
mass) as negative
Vacum where the field is not zerol
M2
A E - MZ h2+ Xh4

Planck
scale

SM scale

/ Energy ( 1/, distance)

43



Intro to Brout -Englert-Higgs Mechanism

(Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble, 't Hooft)
For the history: Frank Close, Infinity Puzzle

If we take M? (related to Higgs — >

mass) as negative

Vacum where the field is not zerol _
M2 ’
A E - MZ h2+ Xh4 6

SM scale Plc"l‘Ck 2-D (energy depend both field);
scale Displacement of the field cost energy.

Imagine a symmetric field.

/ Energy (1/distance)  Circular motion of the field >angular momenta
(not in real space but field space)

44



Intro to Brout -Englert-Higgs Mechanism

(Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble, 't Hooft)
For the complete history: Frank Close, Infinity Puzzle

If we take M? (related to Higgs — >
mass) as negative
Vacum where the field is not zerol

MZ

A E = M° h*+ Xh*
SM scale P'“’;Ck 2-D (energy depend both field);
scale Displacement of the field cost energy.
> Imagine a symmetric field.
Energy ( 1/distance)  Circular motion of the field 2angular momenta

(not in real space but field space)

Electric charge is the excitation of the field rotating in an internal space.

=> Rotation (charge) will cost no energy . It is called condensate in space: a charge

We don't know what makes the Higgs condensate. We arrange the Higgs potential so
that the Higgs condensates but this is just a parametrisation that we are unable to

explain dynamically 45



Why do we need Higgs for Mass?

Ex: proton

Proton

A "massless” box filled with photons does it
have mass? (remember E=mc?)

Mass of the quarks is
only 1% of the protons
mass.

Proton mass doesn't
need Higgs!

46



Why do we need Higgs for Mass?

A "massless” box filled with photons does it
have mass? (remember E=mc?)

Mass of the quarks is
only 1% of the protons
mass.

Proton mass doesn't
Praton  need Higgs!

Ex: proton

For a massive particle, how can one
distinguish longitudinal from transverse
polarizations?

How to reconciliate W, Z masses (short-
range weak force) with gauge symmetry?




How the field effect mass....

Water molecule analogy to show
how a field effect the energy the

two configuration of the molecule

1 1

N

y

N

?

T‘

E=mc?2 =» different mass

48



How the field effect mass....

Water molecule analogy to show 119 1® 1 1
how a field effect the energy the
two configuration of the molecule

E=mc?2 =» different mass

+

A water molecule like dumbel (+ and - charges). Mass doesn't depend on orientation
(space symmetry). Consider them as two kinds of particles, upside and downside

In an E field, energy of the up has less energy and down has large energy

Water molecule is neutral. There is no net force on it. "field doesn't slow down it"
This is how a field creates mass. It increases one mass, decreases other mass

.-3-2-10123..
.-2-101 23 ..

49



How the field effect mass....

Water molecule analogy to show 1+ ® +® ¢ 1
how a field effect the energy the T
two configuration of the molecule _
fig f ) E=mc2 =» different mass
‘/C/\:‘ [\-,!,-/}

A water molecule like dumbel (+ and - charges). Mass doesn't depend on orientation
(space symmetry). Consider them as two kinds of particles, upside and downside
Inan E field, energy of the up has less energy and down has large energy

Water molecule is neutral. There is no net force on it. "field doesn't slow down it"
This is how a field creates mass. It increases one mass, decreases other mass

We can think that £ field in ferms of photons: condensatel .-3-2-10123..
(Indefinite number of photons..) .2-10123..
Water molecule moves in photon condensate constantly emits and absorbs photons.
Real word is not like that with respect to electric charge.

But superconductors are like that.

Condensate of charge where in a region that charge completely uncertain

50



How the field effect mass..

Water molecule analogy to show '+ @® ¢+ ¢ 1

how a field effect the energy the

two configuration of the molecule _
fig f E=mc?2 =» different mass

N

\ —J )
A 4

A water molecule like dumbel (+ and - charges). Mass doesn't depend on orientation
(space symmetry). Consider them as two kinds of particles, upside and downside
Inan E field, energy of the up has less energy and down has large energy

Water molecule is neutral. There is no net force on it. "field doesn't slow down it"
This is how a field creates mass. It increases one mass, decreases other mass

We can think that £ field in ferms of photons: condensatel .-3-2-10123..
(Indefinite number of photons..) .2-10123..
Water molecule moves in photon condensate constantly emits and absorbs photons.
Real word is not like that with respect to electric charge.

But superconductors are like that.

Condensate of charge where in a region that charge completely uncertain

Depending how photons are polarized upside or down, \Q\@@ % Water
emitting and absorbing photons effects shifting of molecule

L/
the energy of the water molecule. A, (%) NN




Spontenous Symmetry Breaking of Chiral System

Dirac theory: R electron can become L electron.
But massless particle cannot flip.
Mass of the particle is related the rate of flipping right-left

w=1 Weak-hyper charge

FaWraN ek P,

w=1 w=1 =

52



Spontenous Symmetry Breaking of Chiral System

Dirac theory: R electron can become L electron.
But massless particle cannot flip.
Mass of the particle is related the rate of flipping right-left

w=1 Weak-hyper charge

VA Y AN ek s

w=1 w=1 w=0

When a Z-boson is emitted from electron, it is not electric charge: Weak-hyper charge
Electrons with R-handed and L-handed have the same electric charge,

but different Weak-hyper charge: R =0, L=1 (w=0, w=1)

But due to conservation of weak-hyper charge electron must be massless.

We need a new boson (W mixture): it is like Higgs but condensate with Weak-hyper charge

When flipping w=1 to w=0, it goes to condensate.



Brout -Englert-Higgs Mechanism & the Higss boson

Same for Z-boson: it absorbs and emits Weak-hyper charge from condensate contineously
Z doesn't have Weak hyper charge. It absorbs Ziggs, becomes Ziggs and re-emits Ziggs

J) " W'sand Z-boson were

,JJ‘FH discovered 1983
e

Higgs boson is just left
over....

54



Brout -Englert-Higgs Mechanism & the Higss boson

Same for Z-boson: it absorbs and emits Weak-hyper charge from condensate continously
Z doesn't have Weak hyper charge. It absorbs Ziggs, becomes Ziggs and re-emits Ziggs

J) " W'sand Z-boson were

'JJ_,JJ discovered 1983
e

Higgs boson is just left
over....

Imagine that the density of the condensate changes (compressional wave)

Higgs boson is like sound wave propagating through the condensate

Further away stronger the condensate
This oscillation is called Higgs boson
And that s what we have discovered at CERN

55




Short history

Dirac theory (1928-1940’s): QED = U1 gauge theory

Yang-Mills theories for non-abelian gauge interactions (1948). = SU2 group

Schwinger, Bludman and Glashow: there are three massless gauge bosons. = SU2xU1 theory
V — A as the classification of the weak interaction by 1957

In 1961 Goldstone argued that the appearance of a massless boson is an unavoidable in SSB
1956: In a superconductor, the ground state contains Cooper Pairs. “BCS Theory.”

Nambu: gauge invariance (globally) does hold true in the BCS Theory but has become hidden.
Anderson: The presence of plasma impedes the photon and, in effect, gives it inertia: mass.

Guralnik, Hagen, Kibble, Brout, Englert, Higgs : “Hidden Symmetry,” (1964)
explaining how gauge bosons could become massive while maintaining gauge invariance.

“The Higgs Mechanism” concerns the way that some gauge bosons—vector
particles such as the W and Z, which ought to be massless like the photon—
manage to acquire a mass by “eating” Goldstone’s massless scalar boson.



Physicists Find Elusive Particle Seen as Key to Universe

< o

New York Times 5 =

Pool photo by Denis Balibouse

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle that looks like the Higgs boson.

By DENNIS OVERBYE

Published: July 4, 2012 | @ 122 Comments mass = 134 x M =M

Hydrogen Cesium




Higgs Discovery at LHC experiments

58



LHC History
\

1982 : First studies for the LHC project

1994 : Approval of the LHC by the CERN
Council

1996 : Final decision to start the LHC
construction

2004 : Start of the LHC installation

2006 : Start of hardware commissioning

2008 : End of hardware commissioning and
start of commissioning with beam

2009-2030: Physics operation

26.07.19 Jim Freeman 59 59



Historv of the Universe .
Connecting the

- «1810 ne

Big Bang Model

minutes after
Big Bang
nucleo-
synthesis era

At the beginning there
were only elementary
particles!

10-6sec after
Big Bang
(hadronization
era)

Heavy ions
regime at LHC
ALICE,
CMS,ATLAS

LHC -pp- probes the
era at ~ 101215 gec
after the Big Bang
(Electroweak era)
CMS, ATLAS

D. Denegri; Istanbul Techniug

v



CMS solenoid - largest in the world -
cable and coil modules production/assembly

all 5 coil modules finished in 2004
assembly in CMS hall, Jan. 2005

‘uy ) ’
i o s i [ "
=4l \ }{:: . AR A | \
O3 | |
Y ~ ‘ Al TN | >
A A\ N . i
S \ \ S/ b
N N e s h
o | ¥

Insertion of coil in vacuum
tank in September 2005
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VACUUM

ELECTRON
SEAM

CATHODE FOCUSING DEFLECTION
COILS COILS

7 TeV=7x102 eV beam energy
10 em? s | yminosity

2835 bunch/beam
1011
\ Proton/bunch
Som @snd Proton

‘{2‘ ‘f& 7 TeV Proton

Colliding bunches  4x107 Hz Proton mass ~ 1 GeV/c? = 1.783x10727 kg

~ Proton collisions 10° Hz

Parton collisions
0 X
New particles 10° Hz
(Higgs, SUSY, ...}

Event selection:
1 per 10,000,000,000,000

O
-, @ 1 TeV = a mosquito’s kinetic ener
. X ay
C.a .
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Theory <->Observables

cross section: reaction rate per target particle per unit incident flux

[1/time] --> measured in multiples of 1 barn=107%* ¢m?
[1/(time length?)]
typical relevant LHC cross sections ~ in pb

Decay width (inverse of lifetime of a particle) =transition rate
W has dimension [1/time]
coupling

9/ W2

u d

\V; e
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LHC Experiments

Quark-gluon plazma

ALICE

Superconducting
magnets

LHC-B

— 27Km —*

B-physics

CP violation Compact Muon Solenoid
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Detectors

«'''|particles created

Designed to
~ |cathes all e, ep. !
g PP. PP

at the collisions

Sub detectors around each others
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What do we actually measure?

The detectors give information on comparatively long-lived particles that
are generally the decay products of the fundamental objects that we wish

to study _
We do not directly “see”:

4 [DET ECAL HCAL "MuDET « Up, down, charm,
C strange and beauty

quarks, and gluons
(that manifest

Wee see
e Electrons

* Muons themselves as jets
* Photons . of hadrons)
—fong-lived

charged and * Top quarks that
neutral hadrops decay rapldly
(ets) (e.g. t-->bW)

* Missing /
transverse * WandZ bOSOFIS
momentum that decay rapidly to
(neutrinos, quarks or leptons

neutralinos,..)}

* Higgs bosons
* Eftc
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CMS Detector Systems

Muon Barrel Superconducting Coil, 4 Tesla :
Drift Tube P g ’ Central Hadronic
ghambersP(IDT) Calorimeter

esistive Plate (Hcal)plastic
Chambers! LSRuieen scintillator/brass
(RPC) 'i sandwich

...... 7 Calorimeter (Ecal)

76k scintillating PbWO4

7 - s e crystals

Cathode Strip

Chambers (CSC
Resistive Plate €
Chambgr'__ —
(RPC) e}, 'JI‘

______________________ lectromagnetic

Tracker

Pixels

Silicon Microstrips

210 m? of silicon sensors
9.6M channels

Total weight 12500 t
Overall diameter 15 m
Overall length  21.6 m
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= —Intan(f/2)

HCAL tower mppin,pseudmpiduy

MEGATILE1  MEGATILE 2
/ OPTICAL

=S
S5 1 sprigs CONNECTOR

in r-z of the HCAL barrel and endcap regj

z-axis 5 polar angle ¢ 100
(Layer 0) 9 mm Scint/61 mm Stainless Steel

| I
-
I ]
-
-
11 [ |
10 I 777
5 I S S S A S S S S
8 N Y A S S S S A A A
7 Y Y N Y Y S S S S A
6 I S A I S S S S S S
s 1 7 ] ] 7 7 7 7 )
" D Y S S S S Y S 7 4
3 1 {1 7 77 7 7 7 A~
2 7 7 77 7 7 77 So s
! {7777 777 = i
0 T A S SN S S S S SV A 48 ’ ‘=
A schematic view of the tower mapping i ==
e VER
—
—]
1

(Layers 1-8) 3.7 mm Scint/50.5 mm Brass

ETA  RADIUS(mm)
2.853 1300.0

(Layers 9-14) 3.7 mm Scint/56.5 mm Brass
(Layers 15+16) 3.7 mm Scint/75 mm Stainless Steel /9 mm Scint

Numbering scheme for the tiles in
adjacent scintillator trays.

2.964 1162.0

3.139 975.0

3.314 818.0

-x axis is horizontal, pointing south to the LHC center.
-y axis is vertical pointing upwards.
- Z axis is horizontal pointing west.

-sign of eta=- sign of z.
theta=0 is +z axis, theta=pi is -z axis

3.489 686.0

3.664 576.0——

3.839 483.0

4.013 406.0——
4.191 340.0—— =

4.363 286.0—
4.538 240.0—— £
4.716 201.0—— P

4.889 169.0 -~
5.191 125.0

azimuthal angle ¢  2-y plane

phi=0 is +x axis, phi=pi/2 is +y axis, phi=atan2(y,6é
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Data Quality Monitorins (DQM)

| LED Mean Energy Depth 1 - Run 37062 |

DPG Meeting, CMS Weelk E o

CMS DAQ Structure 19 June 2007 | =
60
50

Readout
Systems

TTTT[TTTT[TTTT]TTTT]T

Y

20

lvent Builder Networks "
Manager o

TTTT]TTTT]TITI

-30 -20 10 0 10 20 30 40
iEta

A
o_

TP Occupancy - Run 30478 |

Filter
Systems

70

iPh

60

50

40

Areas where problems
could be our fault: snitor Networl
Require online monitoring 3 2

10

IS I P I I I D I -1
-30 -20 -10 0 10 20 30 40
iEta

30
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2007-2008: testing with Cosmic Muons

Run 30478: HB occupancy, E>5fC HB occupancy > 5
= Entries 13411
70 —
Phi =
60— ]
50—
A C© \
sk | T BOTTOM wedge
C TOP wedges
30 /
20; n;:oaous: HB Ti}Q{ng | W
10 :_ 250%—
0:"!] 1 '1’1.1"1 ST ST T SN T T T T N VY S M [ 1'|'.l'|':1‘| l.l'l zoog
-15 -10 -5 0 5 10 15
> Eta stih b o/ B Pk s
JAV)



2009-2010 CMS

Y(1,2,39) LHC will run through to the end of

2012 with a short technical stop at the
end of 2011. The beam energy for
2011 will be 3.5 TeV.

Then, LHC goes into a long shutdown
to prepare for higher energy running
starting 2014.

Rediscovering Standard Mod

\s=7TeV, L =40 pb’

40 102
by PRL
arxiv:1010.4439 [hep-ex]

e Ratio of number of events with two leading
:13%2:‘ jets within |n| <0.7 to the number with both
leading jets within 0.7<|n| <1.3

proton

. } @ (neutron) Sensitive to Quark Sub-Structure

quark

) i

o o nucleus .
— ~10"%cm —
atom~10"cm ~10"%cm

< 5x10 % cm

71
L = 'LHC End-Of-Year Jamboree
from Philipp Schieferdecker (KIT) ‘December 17 2010




How to detect Higgs particle?!

Reconstructed tracks

An example | | | with pt > 25 GeV
H Z7
L~ yy
H MUH

The cleanest signal

H— vy

A real event from
4’th July 2012
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*1 LHC operation in 2012 : pile-up, up to ~ 30
- - 50 nsec bunch spacin

B 100 e Y e e A b T

40 reconstructed vertlces' ; 2k
ngh p|le up run October 25 2011

In HL-LHC phase we expect to go to ~100 -150 pile-ups per crossmg'
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¥

electron-positron colliders
— small backgrounds

— large backgrounds

L. Dixon Beyond Feynman Diagrams 74



Towards discovery

HCAL

Cluste
. Lostssor > %
S

Reconstructing
particles ECAL
Clus
Qarticle-ﬂow "
- ECAL
: rf CMS Preliminary ys=8TeV. L=5.1fb"
Electron/ Pu | sanace B, ErrerE T e
O 6000} MC DATA =
PhOTOh - © | AmMC = 0.13 4/-0.02 Amgg=-0.104 +/-0.04
. lectronCluster ™ 5000 | ocs = 1.26 +/-0.02 Ogg = 1:22+-0.04 | 7
separation oo 2 L ]
= 12 o Z—e'e i
3000;golden electrons Electrons
- in ECAL barrel ECAL Barrel (EB
L T 2000 —n
Extrapolated ‘°°°§ —
""""""" track tangents o i .
0 100 110 120
M, [GeV/c?]
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Higgs Production

t
t
102 g . . ; — g g fusion
g \s=8TeV - %
£ % Ek
T F E
Q- B —
2
© 1= _
; ; i W.Z W.Z
1 0-1 = — _ 0
- W, Z bremsstrahlung
10-2 E_l 1 | | |
80 100 200 300 400 1000

t t fusion
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Higgs Decays

Number of events _—s N =0 Ldt

Branching ratios

1

LHC HIGGS XS WG 2010

|

| Illllll

|

1 1

300

500 100C
M., [GeV]

Total Integrated Luminosity (fb™)

=

Cross section

f

Integrated
Luminosity

CMS Total Integrated Luminosity, p-p

3

2010, /s =7 TeV
2011,Vs =7 TeV
2012, Vs =8 TeV

2012 certified

‘Golden’: 5.19 fb* (85%)
Muon: 5.62 fb*(92%)

02/05

02/07

01/09

Time in year

0
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H>YY

candidate C CMS Preliminary —#— S/B Weighted Data
: " {s=7TeV,L=5.1fb" SexB Pt
C o g mmemes Bkg Fit Component

Is=8TeV,L=53fh" —
[ By

10

- Interpretation Requires LEE

o
2
s
>
a 1t
o
-

CMS Preliminary

Ys=7TeV,L=5.11fb" 200

s=8TeV,L=53fb"

A\WN/Z2\\V/ AN

| 1 1 | [l

ej
/
(@]

| |

107E i

~ W el 120 140
10° ; V Observed (Asymptotic) 130

= ----- 1x SM Higgs Expected (Asimov)
103 b S . 776V Observed (Asymptotic

? V 8 TeV Observed (Asymptotic) N 46
L T BT T T R TR T R T

m, (GeV)
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quantum divergencies of Higgs

 Just like electron repeling itself H
because of its charge, Higgs boson N ’

also repels itself S

* Requires a lot of energy to contain H
itself in its point-like size!

« Breakdown of theory of weak force

Solution: superpartners H H

>

“Vacuum bubbles” of superpartners (spin %2 H
>
i

contain Higgs boson in itself

difference) cancels the energy required to

F Partides e ; "
Quark Squark
Q o Lepton Slepton
X Wino w
Higgsino H

1~ Supersymmetnc
"shadow" particl
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Fine tuning: Naturalness problem (hierarchy problem)

a fundamental scalar field in the theory (the Higgs)=> Hierarchy problem

Higgs self-energy receives r'adua‘rlve contributions that are quadm‘rlcallv diveraent

\

d*k 1 5 " dk k2 , o drk 1
: — x A° o A2 i ~ A2
(2m)4 k2 — m? / (27)4 (k2 — m?2)2 & / (27)4 k2 — m?2 oc A
2
) 2 _ 3A 2m? 2 2 — 4m? 0.23 A)?
mH—W mW—I—mZ—i—mH— mt N—( )

To stabilise the Higgs mass at the EW scale against the Planck scale, we need to adjust the
parameter of the Higgs potential at a level of 10-32

h h h h

s o o ____+____ R

Y W@AAM ’Yﬂ-/w(()) _ _/ Ak o (_ie,}/u) i ( 267 d4k 2]{Hk‘y g,w/ k2_m> 0
- " (2! fem. = )

e )2
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Intrusion of SUSY to particle physics

Supersymmetry emerges from the search for new space-time
symmetries

superspace

Z Susyg
“~" —franslation
X y 4-d space

3-d space 4-d space-time superspace
translations/rotations Poincaré supersymmetry

P = (x,y,2) P = (t,x,y,2) P =(t,x,y,z,6,0)

Grassmann
(1,0 =Y, (00" = @ (x)+q (x)0 numbers

Oxn=-nx0 = 06°=0

(@)|Boson) = |Fermion) Q|Fermion) = |Boson)
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A broken Symmetry
Fields: y(x) =» particles

Supersymmetry
breaking

particles propagating in superspace = Superparticle!

superparticle

gauge symmetry > m=0

) superspace supersymmetry = m =0
oson

(integer spin) fermion

half-integer spin)

e -
A-d spac quarks, slepton&
SU}S’? =gauginos, higgsinos=
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Supersymmetric Higgs (soft breaking)

Higgs potential V = &(|h|2 _ V2)2
4

V = m%|H?|2 +m%|HS|2 — m% (H?Hg - h.c.) +

140+
: Xy - \/gm

130 my, = 124-126 GeV

120}

my, [GeV]

110}

[ X{=0
100+

90; 1 1 1 1
200 300 500 700 1000

my;, [GeV]

SUSY Higgs coupling deviates from SM

B-u=

2 2 2.
ml_mH—i_:u’a

mi + 1

2 2
B (92 - YR

9+ 95

5 (v*+7?) = M} = (91.18 GeV)?

tanf = 0 /v

1
m} = —maitanf — §M§ cos(203);

1
m3 = —m3 cot3 + §M§ cos(203).

[(m?q — m%) tan(23) + M3 sin(2ﬁ)}

,  misin’®f—mycos’ 1

A,
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Supersymmetry

Extends the Standard Model by predicting a new symmetry
Spin %2 matter particles (fermions) <—> Spin 1 force carriers (bosons)

Standard Model particles SUSY particles

Higgs O 5 L
r~ .

~ ~ 4 neutralinos
Voo Vuo V.

- ~ - M rginos
G T e

Graviton Gravitino
Quarks ’ Leptons . Force particles Squarks  Sleptons ) Susy

Force particles

New Quantum number: R-parity: Rp — (_l)B+L+2s - +1 gl\u/lsp\?rtic:rlte.SI
- particles



Why SUSY ?

Quadratically divergent quantum corrections to the o -
Higgs boson mass are avoided

50
.~ 7~ >\ Korrekturen (A?%) I
.\ 1 o - 40 -
bty Coi (Ot Amp=fmgomd
f
(Hierarchy or naturalness problem) 20F _ |
mit Supersymmetrie
10F 1/a,
Unification of coupling constants of the ob b
. . . 10° 10" 10"
three interactions seems possible Wackselwiikungssrergis Ih Qo
SUSY provides a candidate for dark matter, [
80.70 ~ experimental F:*rrors LEP2/Tevatron (today) )
' ' The lightest SUSY particle 5
@ . B \-\gh\SUEvY ;
: (' v (LSP) § s0s0f Mssml
A SUSY extension is a small perturbation, i
consistent with the electroweak precision data oo fpl
80.20 i ~‘:A both n:l;;!:lgl;;:ji
Present mass limits : m (sleptons, charginos) > 90-103 GeV LEPII
m (squarks, gluinos) > ~ 250 GeV Tevatron Run 1

m (LSP, lightest neutralino) > ~ 45GeV LEPII




SUSY searches

Standard particles SUSY particles
P ~ ~ A
u Rt w
A Ay N : ~
Higas Qr S Ej} ‘ Higgsino
z
' Quarks ' Leptons . Force particles Squarks J Sleptons J SUSY force particles
disappearing (kink) stable massive
track particle
displaced el
vertex 2
: , penetrate
primary &
vertex a detector
O(10) mm O(100) mm >0(1000) mm decay length
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Yeni bir radyoterapi yontemi: Hadron terapi

Hadron terapi, niikleer kuvvetlerle (yegin kuvvet) etkilesen pargaciklari kullanarak yapilan bir
radyasyon tedavi (1sin tedavisi) yontemidir. Bu pargaciklar protonlar, ndtronlar, pionlar ve gesitli
ionlardir (alpha, Ne, C,..vb gibi).

Hadron terapinin, yaygin olarak kullanilan 151n tedavisinden farki, timorli hiicreleri bombardiman
ederken kullandig1 mermilerin agir parcaciklar olusudur. Isin tedavisinde foton (bildigimiz 1s1k)
kullanilir. Fotonlar, elektromanyetik etkilesimin kuvvet tagiyicilaridir ve kiitlesiz pargaciklardir. Oysa
hadron terapide kullanilan “hadronlar” ad: iistiinde “agir” pargaciklardir. Ornegin protonun kiitlesi 1
milyar eV'dur (elektronun kiitlesinin 2000 kat1). Agir parcacik kullanmanin zorlugu yaninda, bir ¢cok
avantaji bulunmaktadir: protonlar radyasyon dozunu ¢ok iyi bir sekilde dagitabilirler, istenilen yere
odaklayabilirler; nétronlar ise ¢ok iyi bir tiimor katilidirler.

™ ®

hadroniar
kuarklardan

/ meydana gelirler

karbon cekirdegi =
6 proton + 6 nétron

~proton”
veya

"nétron”
"u" veya "d" kuark"
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X-ray

120
/-\Proton dozunun
etkisi_,

Protonlar

N

g

2

| hassas organ

&
Q

Relative dose [%o]

0 2 4 6 8 10
Derinlik [cm]

12 14
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i 7a T Giabal =113 6] [0

~|| Global Max = 1051 Gy
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Sinkrotron

uksek Enerji demetinin transport yollari

Kalite ol¢giim
merkezleri

Tedavi odalari




Number of facilities

Protons —a
Carbon ions Sy —

30 |

15

Hyogo .
o~

GS|
M
Be rkbe :

v

0
1950 1960 1970 1980 1990 2000 2010

Baslangic yih

92



e Protons (18)
® C-ions (3)

Diinyadaki belli basli Hadron Terapi merkezleri
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ve belki de CERN’deki en 6nemli bulus

Sir Tim Berners-Lee invented the World Wide Web in 1989.

Tim Berners-Lee' nin ilk World Wide Web browser' i
(CERN, 1990}



Further reading

SUPERSYMMETRY
AND BEYOND

INFINITY
PUZZLE

14
<

JUANTUM FIELD THEORY

HUNT /

ORDERLY UNIVERSI

3

FRANK CLOSE

Among many nice CERN lectures:

The Brout-Englert-Higgs Theory of Electroweak Symmetry Breaking
James Wells

University of Michigan, Ann Arbor

Lecture 1, CERN, May 26, 2015
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H->ZZ

W'(Z,) pr: 43 GeV

8 TeV DATA

4-lepton Mass : 126.9 GeV

W(Z,) pr: 24 GeV

e*(Z,) pr:21GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115

Events / 3 GeV

-
N

-
o

Illllllllllllllllll

CMS Preliminary

fs=7TeV,L=5.05f":ys=8TeV,L=5.26fb"

| I I | ] I | I I I I | I—
¢ Data il
[ z+x !
Zy Z2Z il
m,=126 GeV -
L |
iy

120 140 160 180
m,, [GeV]
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Mass | N events
mode signature S/B ; Good For
& / Resol. |in 10fb
two b-jets, Z or W, low ~10° :
H_’bb J 10% coupllpgs to
bb inv. mass 0(0.1) ~30 (sel) fermions
low ~10* couplings to
H—ott had tau, leptons, MET 0(0.1) 15% ~20 (sel) farione
two leptons with : e .
H—WW opposite charge medium i 10 cross section, BR,
i 0(1) ~60 (sel) couplings to V
two photons low 400 H mass, couplings
_’ 0, ’ :
H YY peak in inv. mass 0(0.1) £ ~200 (sel) | CvCr discovery
four leptons with right high 20
—> charge peaks in inv. 1-2% H mass, discovery
H 1
>

mass (Z1 and Higgs)

~6 (sel)
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intrinsic quantum numbers S, P, CP of Higgs

H - yy angular distributions @ B :L o ‘Q}/ - photons

—

Spin-0 = CosB
Spin-2 = polynomial Cos?0

| fermions
(quarks, leptons)

-W, Z bosons

~ photons

- fermions

- W, Z bosons
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