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Particle Physics

N 5 oy : ] Periodic Table of the Elements :
N 0 . ; \ H
e ’P‘A . . \ [ X ‘7 _ 3 hydr:.)gen B poor metals 5 3 = 3 5 0
—— - A Li | Be alkali metals O nonmetals B C N (o) F
4 Fé e alkali earth metals ¥ noble gases
(h\}? v } N 1 12 transition metals rare earth metals 14 15 16| 17 8
N Na | Mg Al|Si|P|S |CI
T < , ; \
\‘ - = \ ¥ | ' 19| 20| 21| 22] 23] 24 25 26 27] 28] 29| 30 33| 34 35
= N : = K |{Ca|Sc|Ti |V [Cr|Mn|Fe |Co|Ni |Cu|Zn |Ga|Ge|As| Se| Br
= . : ' : 37| 38| 29| 40| 41| 42| 43| 44| 45| 48| 47 52| 53
T - _ -«D 4 Rb| Sr|Y [Zr [Nb|Mo|Tc|Ru|Rh|[Pd [Ag|Cd |In |Sn|Sb|Te I
= \ P 55| 56| 67| 72| 73| 74 75 76| 77 78| 79| 60| 81| &2 84 85
- U T Cs|Ba|La|Hf | Ta|W [Re[Os| Ir |Pt |AulHg| Ti [ Pb| Bi [ Po| At
v > 87| 88| ©9| 1o4| 105| 106| 107| 108 108| 110|
4 e O r | Ra| Ac|Ung|Unp|Unh|Uns [Uno|Une|Unn|
L 4 o \\‘ 58] 50| 60| 61| 62 _63] _64] _ 65 67] _68 _es] 70| 71|
r { ° ; Ce| Pr|Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er [ Tm|{Yb | Lu
X e G0 91| 92| @3 o4 95| 96| o7 o8| 99| 00| 101 102 1
- Th|Pa| U [Np|Pu|Am|Cm |Bk | Cf |[Es | Fm| Md| No| Lr

® clementary fermions:
quarks and leptons.
= cant have same

quantum numbers

Kuarklar

Ve | Y :,' ® These form all the known

clekon  muon .
amr s s  Matter

e 1} T = p=~uud, nzudd
e e S e = Hydrogen=p+e
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mteractlons V|a bosons

Force Gravity
Carrier Graviton

(not yet observed)

Interacts all quarks and
with gluons
mass (GeV) 07? 0
Strong Interaction
I Electromagnetic Interaction
B Weak Interaction o m
Bosons: can have same ve, Vi, VT f e

e T
guantum numbers
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%2 elektron
notrino

Fermiyonlar

Leptonlar

1. aile 2. aile 3. aile
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Feynman Diagrams

e

photon

""""""" a particle
sonelfmmces 0 anti-particle

* her parcacigin kendisine zit
kuantum mekaniksel dzellikler
tasiyan bir kardesi var.

* buna kargi-parcacik denir

* parcacik + karsi-parcacik = enerji = ® Interactions = ParﬁCIe €XChange

yeni parcacik

g(r) g(b)

g(b,7)
q

q(b)

(r) e

Strong Electromagnetic Weak
Interaction Interaction Interaction
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Relativity

+ Einstein: “Speed of light is always fixed, c.”

+ what is the corrolary? L

At’ = yAt Tiwme dilation L = . Length Contraction
4

ct'=y(ct - xp)

+ (Generalization by Lorentz
+ called a Lorentz Transformation (v=const)

\ . x' = y(x-vt)
F - F eM(txyz) Y =Y
v, i - 7 =7
-
O : ()k:;‘7‘7‘7"
t,x,y,z f,X,y,Z

/y By 0 0 /ct
/\

LT in matrix form

What quantities are invariant under Lorentz Transformations?
What are the details? --> See Appendix

Thanks to relativity: Muon Lifetime measurement, Muon Accelerator, LLP experiments, Channeling radiation, FEL....
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Decays

Ex: Neutron Decay

Sca

e e e

&

tterings

e ———

Ex: Compton scattering

P _
udu Ve y(A")
° M
0
onNNNNANANS O S
‘ﬂ)\) m m
W-
urqld This is a fixed target experiment
(neutronatrest) | | Define and use Energy-momentum 4-vectors (LV) FR— T —
———— -
P=(E,p) n=+---
E-m 4 vector is conserved during the process
Pinitial = Pfinal
Use most convenient reference frame
magnitude of LV is invarant
Example: a collider experiment
AO——— 0B
A particle of energy Ea, of mass ma & of momentum pa,
Frequently used Lorentz Vectors hits the particle B of Eg, mass mg and momentum pg
Coordinates : Xt = (ct,z,y,2) = (ct, F) arriving in opposite direction. (c=1)
Velocities : Ut =45 = 5(e, &) = 5(c, @
o ( . /(e ) Lets call the total energy of the system Vs
Momenta : Pt =mU" = m~(c, i) = v(me, p)
., s=(Pa+Ps)2 = Pa2+Pg2 +2Pa.Ps=ma2 +mg2 +2(EAEB-pa.ps)
Force : Fr =402 — 4 (e, p)

Wave propagation vector : K/ = (“:‘f.lé)

Also the Gradient : =1z, -V) (

s=ma2 +mg? +2(EAEs-IpallpslcosB)
if ma ~mg ~ 0 compared to particle kinetic energy,
and
if the particle are head-to-head colliding

Ecy = vV 4E\Ep
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Standard Model

- Electroweak theory

- Photon & two cousins W, Z particles

/o2
o Y

(discovered at CERN). s
. QCD theory : £
- Protons & neutrons are held together = 2 = ‘ 1/ ohaia ')
' 0 <2.0 eV/c? <0.19 MeV/c2  <18.2 MeV/c? o \
by gluon exchange in the nuclei v vl wly/ a :DZ \:
) o § notrino ' notrino " notrino ' F | 1 ZK \;\‘ //
- Higgs theory FREOCE CUNE RO N r——
x © y % IJ. y % :u y fl W+ 2« ’
- To explain how fermions and EW Laile 2.aile 3.aile
o
bosons acquire mass —

e Results:

- A single theory can explain all the
“electroweak and strong” interactions.

- All atomic and sub atomic experiments
& observations can be explained.

. SM & General Relativity can almost \LE%EJ\/
explain the universe we observe.



Crookes’s tube

p—

1869: cathode rays discovered

} - 1895: X rays discovered

Y 501 Nobel

X

1897: electron discovered, &

' m/qratio measurv] by JJ
Thompson '06 Nobel

10 ; | -
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08 Nobel 7C aﬂy 1 9008

1911 Rutherford discovers the nucleus

'52 Nobel
> 1932 Cockroft Walton machine

VAN

2
b

3

Ll
Ve rp-j
L
V.3

N

0
3

1s divided @400kV
B FLli > He+ He

ik
NS

2
4

/L

ym b




e

60s
1954 CERN 1s founded

1955 Bevatron p @6.2 GeV Y Nobel:

antiproton 1s discovered

1959 CERN PS: first strong focusing
accelerator 28GeV

1960 BNL AGS p@33 GeV
3¢ & & Nobel: v, Jhve €P

1961 AdA first collider

1966 electron cooling




HTE-UKO 13

a fly in the soup

Temel parg:ac:klann herhang/ brr boyutu yoktur.

‘ IF Sl mp Ie I s beau‘l‘lF ul SM I s S| mp ler Nétrinolarin kuilelenokadarkugukturkl bu élgcekte gériinemezler.
with massless particles

Notrinosu Notrinosu Notrinosu

® But we observe mass: e W T
= Why different fermion masses?
> Mt >>> Me Why???72?? .
= Why different boson masses?
» Z ~ Y but mZ=90 my=0, why??2??2?
® What is mass anyway? e S

= Newton: m=F/a and m= Fr?/MG
= Einstein: m=E/c2

= Caution! mp=940MeV g & f
m(u+u+d)x~9.4MeV  nderstand the masses ©
= 99% proton mass= binding energy=QCD fundamentd



C EXPER

. S N




HTE-UKO 19

North Area
ALICE e LHC-b
-
SPS T8
v
T2
TT10
2\ ATLAS CNGS
West Area o P
AD = Gran Sasso
7~ | — “-:~-.‘I\ TT60
\\'\i‘*_ ‘ e
QN
T BOOSTER isoLpe —
nA//' */ & p / =
o " uNac2™: PS > |
Cd ¢ CTF3
LINAC 3 " y--pu====g, -
one o7 & G LEIR
= e Po*

p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
) ions P electrons  PS Proton Synchrotron n-ToF Neutron Time of Flight

b neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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why collide protons

‘ Quark -
Annguark
& ‘ ‘ @ @ Gloon
. Quark

® Higher energy reveals more and more
details inside the proton

® protfon machines are discovery tools




HTE-UKO 1

¢
g Vs
e 7
H
& 70 A
“golden channel”
1_: | P I ,f~\|~_— T T T T T3 g £+
- bb YT A k=
AR . bl i
>
E - =
fE @
m —
%'_Q tt .
8 5
Q- :
10 | | N N T N B
200 500 1000

My [GeV]
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the art of detection

‘ how d A\ 4
o we see’ the final state particles?

a truck passed by

a bear walked forward

a bear walked backward
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|dentification

® jonisation: tracking

e charged particle
e under B field,

® charge
® momentum

® EM Calorimetry
® e+, e-, Y

® HAD Calorimetry
e mesons + hadrons

® Muons
e Trigger

e under B field,

® charge
® momentum

e Ap=0

® neutrinos

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

photons

Innermost Layer... P ...Qutermost Layer



Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet ¢
Transition
Radiation SN il
Tracking Tracker

44

QATLAS

dteck A EXPERIMENT
http://atlas.ch
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Muon
detectors

Barrel Toroids Solenoid

|
N
37
3

Diameter
Weight =

|
N
-
-]

Endcap Toroids

Forward calorimeter

Inner detectors

Hadronic
calorimeter

Electromagnetic
calorimeter




Find the hays from Higgs field in the haystack

¢

8 s
e 7
H
8 70% .

éﬁL
signal: 0 = 0.001 pb background: 0 =8.26 pb '

® need fo find an efficient way of selecting
"Higgs” events

= Quick & efficient
= without biasing the data

® Blind analysis

=do not look at final distributions during
the analysis

=1514 764 800 s!

® 50 significance needed for discovery
= P(statistical fluctuation)= 5.7x10-7
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Units in PP

* Energy = Mass except a coefficient leV=1.6x1019)

e Energy is measured in eV, the energy picked up by a particle of charge e,
while going through a potential V. Naturally we have keV, MeV, GeV...

e For any particle: E2 = p2c2 +m2c4
* [p] =MeV/c [m] =GeV/c2 this can be simplified with ‘c=1" approach
* [E] = [p] = [m] => k/M/G/T eV

* E=mo+T(T: Kinetic energy) =y m

» where y is Lorentz Factor

* Remember: m(e)=0.511MeV, m(p) =938 MeV
B=v/c vs kinetic energy (Mev)

0.00010 : : : : : : : : ' :
0.000 0.000 0.001 0.100 10.000 1,000.000 (M eV)
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"natural" units

® Energy: GeV ® | ength: (GeV/hc) !
® Time: (GeV/h) ® Mass: GeV/c2
e Momentum: GeV/c ® Area: (GeV/hc)?

« h=c=1 would simplify alot!!
 All physical quantities would be expresses as powers of GeV.
* h and c coefficients are used s appropriatelt to convert back to S.I.

plank units

e _
p = g ~ 1.616 199(97) x 10~** m tp = [ ~5.39116(13) x 107 s

C

hc hc®
mp = 4/ — ~1.2209 x10'% GeV/c? = 2.176 51(13) x 108 kg | | Bp =4/ 5 ~ 1956 x 10° J ~ 1.22 x 10* eV
P G G
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outlook

® Need more data fo answer qushosm PP:
= | HC data taking re-starts in March 2024

= We are limited by the current LHC tunnel &
superconductor (cooling) technology and PDFs

® New machines in the horizon

= Future Circular Collider (if no new tech.)

» BIG pp machine +/=100TeV, 100km circumference

= Dedicated Linear Higgs machine
» ILC?
» Compton back-scattering, y-y collider

> We need new accelerator paradigm: 100GeV/m

® wake field acceleration??

electron

N

A
LHCV)%NQ

;<

23
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Append

HTE-UKO
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most economical solution

® 60s & minis: mini-cooper, mini-skirts, mini-computers
® Brout & Englert; Guralnik, Hagen & Kibble; I-Iiggs's papers

offered a minimalistic & elegant solution.
® There are other theories solving the mass ')”’E\ff;f

problem, B-E-H is the simplest model.

® Higgs theory Kills two birds with a single stone: ¢ /}

* fermion masses can be explained Lvukawa(®,¥) = —gugu
® W & Z boson masses & their relationship explained (SSB)

® BUT
* Higgs theory doesnt predict Higgs boson mass, says mH < 1TeV

® It has to be found experimentally, by observing its decay products.
® Higgs decay products depend on its mass. So:
® One needs to search for the Higgs boson in all the mass range.
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for the connaisseurs

1) Prequel - field theory
a. particles represented by fields : fermion ¢: scalar
b. Lagrangian (density) formalism
2) simplest fermion Lagrangian

3) Consider a scalar field ¢ with this particular potential

1 1
1 1 1 _ o iy2a  Loo9
2= 40,0000+ bt et v - e
NP =it =0 ¢(\°¢* —p®) =0 not a mass term £ = !
quin =
Energy
i |
Spontaneous | i l ¢ mass term
Symmetry i

realing ‘ i Wl
¢ — ¢

>=
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for the connaisseurs

4) Consider a simple universe: a gauge field A (like EM), a complex scalar
field ¢ and a fermion field Y. (~ Z boson, Higgs, Electron)

_ 1 ' . p— v
¢_7§(¢1—|—7’¢2) ¢mzn—:|:>\—\/— ¢%_|_¢%:,02
complex scalar field has a degeneracy in the (@1, ©2) plane. We arbitrarily choose (v, 0) as the mi?ima.

Lgsf = 5(0, —1eA,)* (0" + ieAM)d + sp2d*d — TA2(d* ) — g

massless fermion & photon

We benefit from SSB as before to “gauge out” @2 :

_ 7 _
¢1 =h+ Y ¢2 =0 massive photon
G
1 eu

1 _ _
Lysg = 50uh0"h— )P — ()74, A" - A“ww—gwhw
2

2
i ﬂhA“AM + e_hQAMA“ — )\,uh?’ — —)\2h4 + const
- A 2 4 V,

h __——A h __.—A h h h><h
—y =" 0

massive fermion
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for the connaisseurs

What just happened?
A boson (&) vanished to give mass to a vector boson (A): total number of
degrees of freedom is preserved.

5) Consider a realistically complex universe: a U(1) gauge field X, a SU(2) gauge field
W, a complex scalar field doublet ¢ and a chiral fermion field doublet Y, and a
singlet Yr .

1) ¢ now has 4 fields, massless X has 1 field, and massless W has 3 fields.
2) SSB as before, makes 3 scalar fields disappear.
3) BEH as before, makes 3 vector bosons massive.
o W+ W-, WO
4) SU(2) neutral boson and X neutral boson mix, by Weinberg angle 6.,.

* we get one massive boson (Z) and one massless boson (V).

This is exactly what happens in the electroweak sector of the Standard Model

5) electron-neutrino scattering allows measurement of 6y,. Its value, combined
with fermi constant, allows prediction of W and Z boson masses.
e SPPS finds Z and W exactly at predicted masses @ 1983.
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Our Precious Higgs

® One has fo produce it to search for
= heavier Higgs — more Energy needed

= build an accelerator and a collider “ring”

® Many have tried - and failed to find it.
= SppS: 1981 - 1984, J/s= 630GeV
= | EP I,II: 1989 - 2000, «/s= 90, 209GeV
= Tevatron: 1987 - 2011, J/s= 980GeV

Tevatron Run II Preliminary, <> =35.9 fh’

/ = e DR |
® I 1' was LHCS '|'UI"I'I oo = LEP Exclusion -~ Tevatron
. E 10 . .Z‘.../..... Ex xpec : e - EXC]USiO“_
= pp again E o
N . zrp cled :
=./s= 7000 & 8000 GeV © | =
%
1 o=

100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c )
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EM field vs Higgs field

—

Vi($)

Im(4)

Re(4)

if EM field amount is zero, the if Higgs field am
minimum potential is also zero. potential is no

ero, the minimum
inimize the

in a consta eld since BB.
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C=300000 KM[S

+ Einstein: “Speed of light is always fixed, ¢.”

+ what is the corrolary?

Bl B B | } : > : { | B

At' = 2 D/c
At =2 L/c'A 2
1/2 v At'
Al B A | : > : { | A
2L 2D B — g o (A0
C= ¢ =
At AL
L [ yLirviaed N A

At At V1 =v2/c? Time dilation
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TIIPI’NE DILATION

Y ES
br c i \/ 1 — p? The moving object’s own ti%_e
- At = yAt
N coefficient that
The same object's observed time depends the speed of
in a stationary lab the the moving object

+Muon’s real lifetime is 2.2 us but we see in cosmic rays and
in the experiments a much longer lifetime

+this is the idea behind the muon collider!
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MEASUREMENTS

+ The length of an object

+for the man at rest (lab frame)

time=0 fime=t | measure the real length
+for man going with speed v (spaceship frame)

I o e time s T

v=Llt = Lylt t=yt

e J =
00 i

Length Contraction
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GENERALIZATION

F)

0 ‘ 0’

e ' . et NI
Ref. Frame F’ moves with speed v.
An event M observed 1in O.

How to express it in O'?

1) go from Oto O’
2) write M in O

"
A ' ' Lorentz 1902 &
OM = x OM =00 + O'M.
OO0’ = vt xX=vt+x'ly
OM=x'ly

x =7y(x-vi)
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-~
o
-~
-~
-~
-~
[

ey '/ ) (58 i

Same event written in frame F': OM =00’ + O'M.

OM = x/y
00' =t xly =vt + x' X= - V7
OM =y x/y=vt + yx - yvt

= vfit-xvic? | x/y - yx +yvt =vt’

v[ x/y? - x +vt | =vt’

ct'=y[ct-xp] -
X' = y(x - vt) vl (x/y2 - x)iv +t | =t

iy t=y[t-x(1-1/y?)/v ]
z' =2z t=y[t-x(y2-1)vy? |

Lorentz transformation t'=ylt-xvic2 ]
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ct'= y(ct - xf3) ct v By ) O \ef
x' = y(x - vi) x| By iy 00 X
y =y y SRR pe
Z' =2 z O D0

Is there a quantity invariant under Lorentz transtformations?

yes: distance in 4D: s2=ct? - x2 - y2 -z2

beware: when we calculate 4D quantities the time-like and space-like components
contribute with opposite signs: +--- OR -+ + + .

This is called a metric and it is related to the strucuture of spacetime.

Simplest form = Minkowski space = flat space

M2 = E2 - P2 = orentz invariant — 4-Momenta

4-density (charge density, current density)
4-EMPot (scalar potential, vector potential)



