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First exercise AT

a Shift forward by one week:
= Will be assigned on 31. Oct.

® Reviewed on 07. Nowv.

= No tutorial session next week (31. Oct.)

2 Particle Physics 1



Hardware exercise: New slots

Two slots clash with the Tuesday

14:00-15:30 lecture

We will NOT have lecture on these

days

We will use the contingency days In

2025 to make up the lectures

Sensor characterization
Donnerstag, 5. Dezember 2024 - 14:00

Sensor characterization
Dienstag, 10. Dezember 2024 - 14:00

Sensor characterization
Donnerstag, 12. Dezember 2024 - 14:00

Sensor characterization
Dienstag, 17. Dezember 2024 - 14:00

Sensor characterization
Donnerstag, 19. Dezember 2024 - 14:00

Strip sensor readout
Donnerstag, 5. Dezember 2024 - 14:00

Strip sensor readout
Freitag, 6. Dezember 2024 - 14:00

Strip sensor readout
Freitag, 13. Dezember 2024 - 14:00

Strip sensor readout
Donnerstag, 19. Dezember 2024 - 14:00

Strip sensor readout
Freitag, 20. Dezember 2024 - 14:00

Module readout
Donnerstag, 5. Dezember 2024 - 14:00

Module readout
Montag, 9. Dezember 2024 - 14:00

Module readout
Donnerstag, 12. Dezember 2024 - 14:00

Module readout
Montag, 16. Dezember 2024 - 14:00

Module readout
Donnerstag, 19. Dezember 2024 - 14:00

T —
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(nicht verfugbar)
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(nicht verfugbar)
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Preparatory meeting today KIT

Advanced seminar

https://ilias.studium.kit.edu/ilias.php?
baseClass=ilrepositorygui&cmdNode=xe:lg&cmdClass=ilObjCourseG
Ul&ref id=2498057&redirectSource=ilCourseRegistrationGUI
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What do you expect from this lecture? KIT

Thanks for letting us know!
Please keep adding responses

| am expectont from this lecture to get a better understanding about particle physics, in especific, about
the theoretical background and how does modern particle detectors work and the different types of
detectors there are and what are their uses. Personally, another thing | expect from this lecture is to get a
better understanding about the CMS detector at CERN and to see which are some of the experiments that

the KIT and the CERN are now.

| expect an introduction particle phyiscs which should help me to choose if | want to do my master thesis

ml ihia f'?'d‘ Furt:mer:;norel, Hhopetageta bm:f introductlon on.the different experimantan orde to. geta | hear this lecture as addition for TTP1 to learn about the particle physics from the experimental
CAASrPIEIIE OTWHANS:) WaNha PRGNS My e, perspective as well, so | hopefully will be able afterwards to connect the learned knowledge of both
lectures.
T — P
L —— P

| can expect to learn about the design and operation of particle detectors, data collection, and analysis

techniques used in high-energy physics experiments like those at CERN. The focus will be on
understanding how experimental setups test theories from the Standard Model and beyond. Further improving the knowledge on the entire chain happening at particle physics experiments to gather

information about elementary particles from the ,simple” measurement of signals to the complex
understanding of particles we have. l.e. how to derive the behavior of particles from the experiments

5 Particle Physics 1



Literature AT

= M. Thomson: Modern Particle :’OD,FL,;';P“
Physics, Cambridge UP (2013) P o™

® D. Griffith: Introduction to Elementary
Particles, Wiley (2008)

= A. Bettini: Introduction to Elementary -
Particle Physics, Cambridge UP (2008) 'Eriiﬁiﬂii'f;"ptfmdes

Please read the
sections assighed
at the end of each

a C. Berger: Elementarteilchenphysik,
Springer (20006)

lecture

®a P Schmuser: Feynman-Graphen und
Eichtheorien fUr Experimentalphysiker,
Springer (1995)

6 Particle Physics 1



PINGO: Luminosity ~ FromLO1 I

a By 10/2023, the Belle Il experiment at the ete- KEKB collider in
Japan had collected a dataset of about 0.92ab-1. The cross section

to produce tau pairs, 6(e e~ — 7717) is about 1nb. Approximately
how many tau pairs had Belle Il recorded at this time*?” assuming an efficiency of e=1

® about 1 Thousand (109)

= about 1 Million (1068)

e-l—

= about 1 Billion (109)

C
® about 1 Trillion (1012) ‘

-

T
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PINGO: Luminosity

38 Particle Physics 1



PINGO: Fixed target collision KIT

i :;“,“IEI

= PINGO:

s Session: Particle Physics 1 (WS 24/25).
= Accession number: 559016

m  Link: https://pingo.coactum.de/events/559016

9 Particle Physics 1



PINGO: Fixed target collision KIT

» |[f LHC was a fixed target collider, what would the center of mass
energy be if the proton beam has an energy of 7 TeV and the target is a

proton at rest?

p) ( ) Pa\,b’ém‘)(y
® about 14 TeV —
® about 7 TeV — O O

= about 0.01 TeV ) rd 2

1
~ L [m,arr{m g 73{/140)/
Small mfarw( £ b/_;

22 (F1eV) (353 pe)
“A(F V) (138 %57 Tc/V)

10 0. 0| T(,V Particle Physics 1



Other questions from L01? SKIT

11 Particle Physics 1



Today KIT

Classical Quantum
mechanics mechanics

Non-relativistic Relativistic
QM QM

12 Particle Physics 1




Notation AT

® \ectors
® 3-vectors:x=Xx, a=(1,2,3)

® 4-vectors: x* = (1, 55), U = (0,1,2,3)

= Contravariant vector x* and the covariant vector x,, are related by the

H
. o 5
metrictensor g, . X, = &, X
1 0 0 O
. g = 8 _01 ()1 8 ,i.e.:x0—>x0,x1 — _xl,X2_> _xz,X3 — _x3
0 0 0 -1

13 Particle Physics 1



Covariant vs. invariant

® Covariant does not mean invariant! (2 different concepts)

14

= Covariant applies to an equation

Karlsruhe Institute of Technology

® |nvariant applies to a quantity which has the same numerical value
In any reference frame

" AFA, = b is a covariant equation

= A”Aﬂ IS an invariant quantity

Covariant form is extremely useful since
equation manifestly holds true in any
reference frame (both sides get identical

Lorentz boosts; one !, per available index)

X7 N x>

Particle Physics 1



Notation

energy-momentum:
time-space:
4-gradient:
D’Alembert operator
4-current

electromagnetic 4-potential:

field-strength tensor:

15

Karlsruhe Institute of Technology

0 0 0
V: 9 9
ox dy 0z
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Karlsruhe Institute of Technology

Quantum
mechanics

Classical
mechanics

“God does not play dice”
“The Lord is subtle but not malicious”
—Einstein

“Einstein, stop telling God what to do”
- Bohr

Suggested reading

GREAT WORKS THAT SHAPE OUR WORLD

With % New & Exwendedd Introdostion

by James Lees

16 Photograph by Paul Ehrenfest: https://history.aip.org/exhibits/einstein/ae63.htm Particle PhyS|CS 1




Schrodinger equation SKIT

1 2
= Classical energy-momentum of a free particle: £ = —my? = £
2 2m
0 —
= Quantize by promoting E and P to operators: & — la— andp — — 1V
{

and applying the resulting operator on a wave function (X, 1):

Recall:

2
‘ w(X, 1) ‘ is the probability of
finding the particle at (X, 1)

-

204 5rder derivative 1% order derivative
INn space In time

) Different dependence on the
time and space coordinates

Schrodinger equation is not Lorentz-invariant

17 Particle Physics 1
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Non-relativistic Relativistic
QM QM

Particle Physics 1



Klein-Gordon equation SKIT

o= s

= Relativistic energy-momentum of a free particle: p/"pﬂ = p-=m

® Canonical operator replacement (in 4-vector notation) P, = iaﬂ and
application of the resulting operator on a wave function 1/1(55, 1):

2% 5rder derivative 2™ order derivative
In time In space

v

Klein-Gordon equation is Lorentz-invariant

19 (Today identified as the correct solution for spin O particles) Particle Physics 1



Solutions to the K-G equation KIT

® Plane wave solutions (X, ) = Ne'(P-X=E)

“E==x4/p"+m”

®= Negative energy solutions cannot be dismissed in QM since all
solutions are required to form a complete set of states.

20 Particle Physics 1



Two problems with the K-G equation KIT

= Negative energy solutions of the K-G equation have unphysical
negative probability densities.

®= The K-G equation does not account for the spin degree of freedom.

® (Recall that earlier we said that the K-G equation is identified as the solution for spin O
particles only)

21 Particle Physics 1



Probability density & probability current SKIT

® Recall the continuity equation for the conservation of QM probability:

8p Probability density: o(X,1) = ¥ (X, ) Y(X,1). Assuming the particle does not
V. .] + — = 0. Probability flux density : decay or interact, its associated
ot (aka curent): J(X, 1) total probability will be constant
= |In non-relativistic QM:
/
() AIJ% / VL% V’P,[,),gﬁ-(a)
076 a7 Y +
_ ] . 4 Y
Lty ) i (VE o
) -A 7 ‘ .
7 V" am sd L7 (W‘W’WW"”?%KW‘”/
i
Je = - (v o¥-yret) f
Am

22 Particle Physics 1



Now see what happens with the K-G equation

23

\ 2 oy |
ok _
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Dirac equation SKIT

® Proposed solution: try an equation linear in derivatives
Ey = (a - p + pm)y
® Jo be physically satisfactory, it must:

1. Give the correct energy momentum relation E* = p2 + m? for a
free particle

2. Allow a probabilistic interpretation of the wave function y(x, )

3. Be Lorentz covariant (i.e., true in any reference frame)

24 Particle Physics 1



Condition 1: Satisfy E> = p? + m? IT

= Start with the Dirac equation: Ew=(a -p+pmy
0

TR . o . 0 s,
= Write in terms of the operators: latw = | oo - zaya—y o +,8m)1,b
® Square it:
82170 282170 zﬁng 262170 B ThisrepdaJ’(c:gigc?;eto survive so as to
pw — wx§x2 -, o o 52 LB m~y
0° 0* Y 0*y
+ (@xay + a,ay) @xgby + (ay; + ;) 0ydz + (@ + axa;) 970
0 0 0
v it + pam L+ ita,B + paymL + i@p + paym’L.
8)(: ay 62

25 Particle Physics 1



Condition 1: Satisfy E> = p? + m? IT

= Need the following: ai=a; =a;=p°=1,

X Y
Cyjﬁ_l_ﬁa’j - O’ Not possible if the a; and

CYj ar + ay CUj = () (] + k), [ are normal numbers

82170 _ 2 82‘7” | 2 82w | 2 GZw ﬁzmzw 'rrehcilisea:torlieeds to survive so as to
Ot? T Oy? 2 822
0* o> 5>
+ (@xay + ayay) @xgby + (aya; + azay)ay;bz + (@) + @y @y) azgic
s, s, s,
+ i(af +,8a/x)ma—w + i(a,f +,8a/y)ma—w + i(af + Ba,)m— d
X Y 0z

20 Particle Physics 1



Condition 1: Satisfy E> = p? + m? IT

® Need the following: ai=a =a’=p"=1,

X Y Z

Cyjﬁ_l_ﬁa’j - O’ Not possible if the a; and

CYj ar + ay CUj = () (] + k), [ are normal numbers

® The simplest objects that can satisfy these relations are anti-commuting
matrices with properties:

®" Trace = ()

® Eigenvalues = * 1

® Fven dimension

® Hermitian

27 Particle Physics 1



Condition 1: Satisfy E> = p? + m? IT
" a,a,a and p are 4 mutually anticommuting Hermitian matrices of even
d/menSIOn and trace 0.

® The lowest-D object that can represent o a,and pare 4 X 4

matrices. Do you see why?

y’

—

® The Dirac hamiltonian H,, = @ - p + ffm is a 4 X 4 matrix of operators
that must act on a 4-component wave function:

Vg
Ug)
Vg
U2

Dirac spinor Y =

Particle Physics 1



Condition 1: Satisfy E> = p? + m? IT

® The algebraisfully oe;=qa;=0c.=p"=1.

defined by these a;B+pBa;=0,
relations ajar+ara; =0 (j#k),

® Use the Pauli-Dirac representation, based on the Pauli spin matrices:

I/ 0 0 0
p=(o y) wd a=(0 T

(10 {01 O W B
o1 ““\1o)] ““7{i o =10 -1

29 Particle Physics 1



(Z\p _0 A\KIT
t

Condition 2: Probabilistic interpretation v-j-

® Follow the same procedure as that used for the Schrodinger and
Klein-Gordon equations (S19-20), but note that ™ must be
replaced by the Hermitian conjugate w' = (yw*)!,

. . Y oy oy oY
(1) Dirac equation iy~ iay Y iz~ mpy = i
" . oL oy Lyt oy
(2) Hermitian conjugate  +i—a! +i—a) +i—a] + my'B" = —i—.
0x Oy 0z ot

; |dentify probability density and probability current
p' X (1) —w X (2) —’ V- ay)H (‘W) =0 p=y'y and j=y'ay.

30 All solutions of the Dirac equation have +probability density v Particle Physics 1




Relation to spin Read at home: Thomson Section 4.4 &‘(IT

®= The Dirac equation provides a natural description of spin-half
particles.

Spin emerges as a direct consequence of requiring the wavefunction
to satisfy the Dirac equation

QM basics: Time dependence of an dO d . A
observablg corresponding to an — = —<0> — l<'ﬁ‘[Ha 0]|‘ﬁ> #
operator O is given by ds dr

If the operator for an observable

commutes with the H, it is a
constant of the motion

[Ap, L] = —iaxp. X
[ﬁp,j]E[ﬁD,f4+§]:O. /

(Ap.Sl=iaxp. X

31 Particle Physics 1



Condition 3: Must be Lorentz covariant ST

= Start with the Dirac equation: Ew=(a -p+pmy
0

= Quantize it: I— = |—ia 2—icv 2—la/ 2+,Bm W
| ot " Ox 7 Oy 0z
® Multiply by p:
T S N S
IIBCKX ax | lﬁay 0y | lﬁalz GZ | lﬁ 6t IB mw ; O Covariant form of the Dirac equation

HA _
" Define y* = (3, fa)), and use f3* = I # (ty" Oy —m)y = 0,
™, U'e oo, (p 4, 077
ioa'ﬁ,ilaw,izalﬁ,i3@€”
Vor T ax T ey T o

myr = 0

[eca )l
32 T G (f ) &/)) J‘z:)]/a) ) Particle Physics 1



Condition 3: Must be Lorentz covariant

“ Straightforward to obtain the properties of the y matrices from
those of the a and /) matrices

* () =1
" =)= =-1 {r.y"} = 2g"

" yyP 4+ vy =0foru # v

33
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¥ Matrices (Key points): KIT

2 (yo, yl, ;/2, y3 ) IS not a four-vector, but the same in each coordinate
system

a Usually use the Dirac-Pauli (or chiral) representation:

0

1 0 0

o_[01 0 0 :(1 O)andy“=<o %)
00 -1 0 0 —I ~0, 0
0 0

—1

-

with Pauli matrices o, = <(1) (1)) 0y = (O _Ol) 03 = <(1) Ol), [%, Gb] = 2i€,
; _ b,

2
" Special combination y° = iyyy%y3 with {¥°, y°} = 0 and (;/5) =1

34 Particle Physics 1



Covariant current v.i+ P _o SIT

= Probability density: P Yy / | ﬂ
= Probability current: |« ¢* & ¥ \)/M 54 ] veehe
Derived on S27 - - : B ( SQQ, Aﬂ MX 43
Can & Nhﬁpﬁ/ﬂ W@Cﬁé{y t j/% S/WJ ()) ’ é/ﬂlf fﬂ%& fn’[/mnsm J[N
Py )
\/Q/\(‘\/'gy: J D - (/: j’a J—"’(// 47 (fa_) ° l :> /:MY'—MQ/' 5)/\}470/1:(]
> % % 7’//(: QZK/“'%
ﬂ) (/—l'fa/ly 6//'(5[@)/6,(&) (&Zf%‘fﬁ
Yro, ¥ TS ICT(TA V)
b/of) 5 J%dw
rﬂﬁo@

35 5 OCJ\', Particle Physics 1



Adjoint spinor /. e Diec [anl| representatdiom SIT
7 ’é‘é& ]/; /ﬂﬂ/lL}’),dZé

%)y
T 0N
_, * e - (phet 4T -4

36 Particle Physics 1



PINGO: Dirac equation SKIT

i :;“,“IEI

= PINGO:

s Session: Particle Physics 1 (WS 24/25).
= Accession number: 559016

m  Link: https://pingo.coactum.de/events/559016

37 Particle Physics 1



PINGO: Dirac equation SKIT

® Which particles can be described by the Dirac equation?
= Higgs Boson(s)
@ Charged leptons

® Photons

38 Particle Physics 1



Summary KIT

® Relativistic guantum mechanics incorporates relativistic energy- momentum

relation: p¥p, = E? — p*> =m*

0

® Canonical operator replacement P, = iaﬂ (E—>1—andp — —1 V)

ot

“ Klein-Gordon equation of motion(&”@ﬂ + mz) @ = 0 for spin-0 particles
(scalars)

“ Dirac equation (i;//’@ﬂ — m) y = (: equation of motion for relativistic
spin-1/2 particles

“ Next time we’ll see that the 4D spinor y simultaneously describes particles and anti-particles with spin
up/down

39 Particle Physics 1



Reading assignment KIT

= Modern particle physics (Mark Thomson)
= Chap. 2
= 2.3.1-2.3.3
= Chap. 4

= 4.1-4.5.1

40 Particle Physics 1
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What questions do you have?

Karlsruhe Institute of Technology
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