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The complexity and simplicity
of Feynman diagrams
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We are good...
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Electron (g-2)

Electron in magnetic field: E=-u - B
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Electron (g-2)

Electron in magnetic field: E=-—u - B
— ¢ <
H = 82m

Dirac (1928): g =2
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Electron (g-2)

—

Electron in magnetic field: E=-u - B

Dirac (1928): g =2
Schwinger (1948): g = 2.002
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Electron (g-2)

Electron in magnetic field: E=-%- B
— € =
po= 8%5
Dirac (1928): g =2
Schwinger (1948): g = 2.002
theory: g =2.002319304363...
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Electron (g-2)

—

Electron in magnetic field: E=-u - B

Dirac (1928): g =2
Schwinger (1948): g = 2.002
theory: g = 2.002319304363...
experiment: g = 2.002319304361...
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?
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What is Dark Matter?
What is Dark Energy?
Naturalness?

e.q. Technicolor
New interaction instead of Higgs
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

e.q. Technicolor
New interaction instead of Higgs

Conflict with experiment.
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

New interaction instead of Higgs

Conflict with experiment.

Extended Technicolor
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

New interaction instead of Higgs

Conflict with experiment.

echnicolor

Walking Technicolor
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

New interaction instead of Higgs

Conflict with experiment.

Toplor
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

New interaction instead of Higgs

Conflict with experiment.

. ssisted walking Technicolor
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Model building

What is Dark Matter?
What is Dark Energy?
Naturalness?

New interaction instead of Higgs

Conflict with experiment.

istedwralking Technicolor
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Theoretical Particle Physics is complex.
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Classical Mechanics (i.e. pre-QMm)

t=0: Particle at x with momentum p.
Question: where is the particle att > 07
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Classical Mechanics (i.e. pre-QMm)

t=0: Particle at x with momentum p.

Question: where is the particle att > 07
— d

F=m7=—tﬁ
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Least-action principle
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Least-action principle

L(t) = Exin(t) - Epot(t)
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Least-action principle

1 1
L(t) = Exin(t) - Epat(t) = Emvz(t) — Ekxz(t)
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Least-action principle

1 1
L(t) = Ekin(t) - Epot(t) — Emvz(t) — Ek.xz(t)

action:  S[path] = | dt L(¢)
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Least-action principle

1 1
L(t) = Exin(t) - Epat(t) = Emvz(t) — Ekxz(t)

action:  Slpath] = | dt L(¢) = F =m
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Quantum Mechanics
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Quantum Mechanic
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Quantum Mechanic
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D5}

~1.0}

Each path is -weighted by exp(iS[path]).  Skpath] =[er(t>e R

L(t) = Exin(t) - Epot(t)

rn

Ax,0;x', 1) = dP e®Fl e C
P: x(0)—x'(¢)

o

probability amplitude

"Path integral”
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Quantum Mechanic
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Each path is -weighted by exp(iS[path]).  Skpath] =[er(t>e R

L(t) = Exin(t) - Epot(t)

rn

Ax,0;x', 1) = dP e®Fl e C
P: x(0)—x'(¢)

(3

probability amplitude Path mtegral

probability:  |A(x,0;x',1)| 2
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Double slit experiment
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Double slit experiment

double-
slit

screen

electron

electron
beam gun

interference
pattern

source: https://en.wikipedia.org/wiki/Double-slit_experiment
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https://en.wikipedia.org/wiki/Double-slit_experiment

Quantum Mechanics

RHecall classical mechanics:

t=0: Particle at x wit
Question: where is t

N Mmomentum p.

ne particle att >
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Quantum Mechanics

RHecall classical mechanics:

t=0: Particle at x with momentum p.
Question: where is the particle att > 07

Quantum Mechanics:

t=0: Particle at x with momentum p.

Question: what is the probability to
find particle at x’ att > 07?

R. Harlander, Theoretical Particle Physics, May 2019
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Wave function

Heisenberg uncertainty principle: (Ax)(Ap) > h/2
Classical state cannot be sharply defined!

(x,t=0) \\/A\/
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Wave function

Heisenberg uncertainty principle: (Ax)(Ap) > h/2
Classical state cannot be sharply defined!

Alk)

p(x,t=0)
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Wave function

Heisenberg uncertainty principle: (Ax)(Ap) > h/2
Classical state cannot be sharply defined!
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Wave function

Heisenberg uncertainty principle: (Ax)(Ap) > h/2
Classical state cannot be sharply defined!
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Even classically only probability can be calculated,
but this Is systematics!
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Evolution of Y(x)

Evolve each x along all possible paths.

one x along

any path

w(x,t) = de’J dP ey (x',t = 0)
P: x'(0)—x(1)

different x

along
classical path
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Field theory

SO far: one particle in one space dimension: 1 d.o.f.
Things may change with coupled (interacting) d.o.t.’s:

|
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Field theory

SO far: one particle in one space dimension: 1 d.o.f.
Things may change with coupled (interacting) d.o.t.’s:
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Field theory

SO far: one particle in one space dimension: 1 d.o.f.
Things may change with coupled (interacting) d.o.t.’s:

action:

I S[P1.P2] = S1[P1] + So[P2] + Sint[P1,P2]
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Field theory

SO far: one particle in one space dimension: 1 d.o.f.
Things may change with coupled (interacting) d.o.t.’s:

action:

I S[P1.P2] = S1[P1] + So[P2] + Sint[P1,P2]

J J dP,dP, e™1P1-P2]
P;: x{(0)=x(?) J Py: x5(0)—x5(2)
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Field theory

SO far: one particle in one space dimension: 1 d.o.f.
Things may change with coupled (interacting) d.o.t.’s:

action:

I S[P1.P2] = S1[P1] + So[P2] + Sint[P1,P2]

J J dP,dP, e™1P1-P2]
P;: x{(0)=x(?) J Py: x5(0)—x5(2)

But: principles remain the same (with a few additions...).

R. Harlander, Theoretical Particle Physics, May 2019



Field theory

infinite d.o.f. dislocations:  ¢(x;,0) — ¢'(x;, 1)
X1 X2 X3
NI~ANNNAP NN AP AN NSMAPANNM AP ANANNAPANAM AN/

Jdpo Jdpl dP, St PoPrPr]
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Field theory

infinite d.o.f. dislocations:  ¢(x;,0) = @'(x;, 1)
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Field theory

infinite d.o.f. dislocations:  ¢(x;,0) = @'(x;, 1)
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Field theory

infinite d.o.f. dislocations:  ¢(x;,0) = @'(x;, 1)

X1 X2 X3
NU~APANNANNAPANA AP AN NN AP AN NAPANNMANS
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Field theory:
continuum limit
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Field theory

infinite d.o.f. dislocations:  ¢(x;,0) = @'(x;, 1)

X1 X2 X3
NU~APANNANNAPANA AP AN NN AP AN NAPANNMANS

Jdpo Jdpl Jdpz,,,eiS[...,PO,Pl,PZ,...]

Field theory:
continuum limit
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

Perturbation theory: S[P] = Sieel @1 + SipilP]

Sfree[¢] — J ¢x Dx ¢x
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

Perturbation theory: S[P] = Sieel @1 + SipilP]
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

Perturbation theory: S[P] = Sieel @1 + SipilP]

Sfree[¢] — J ¢x Dx ¢x Sint[¢] — g¢)§
’ N smal

AN~ AN NV—.——"J\NV‘A:—. AN ~.M—-.JA/V\N;—. JV\/‘IN.M,—.J\ /\_A'V\;\,—.JJA /

free: no springs
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

R. Harlander, Theoretical Particle Physics, May 2019



Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

Institute for

R. Harlander, Theoretical Particle Physics, May 2019 T e

and Cosmology




Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

JQZC/) e Diecl®] is calculable!
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

JQM e Diecl®] is calculable!

JT

Result; D

X
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

JQM e Diecl®] is calculable!

o0
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Result; D
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

JQM e Diecl®] is calculable!

00 OO
JU

Result; D

X
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
Using dxe= = |2
) a

JQM e Diecl®] is calculable!

= o0 O
Result: D.
... letssay its 1.
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

00

. T 1
Using dxxze_“xzrv\/7-

J_o a d
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?
. ha - 2 T 1
Using dx x” e ~ :
J_ o a da
J@¢ ¢ ¢ eiSfree[¢] ~ 1
XTYy Dx_y

Institute for

R. Harlander, Theoretical Particle Physics, May 2019 T e

and Cosmology




Quantum Field Theory

o<

J@qﬁ el9] how can we calculate that?
. ha - 2 T 1
Using dx x~e™ " ~ :
J_ o a da
. 1 )
J@¢ ¢X¢ eleree[¢] ~ -
Y Dx—y

Institute for

R. Harlander, Theoretical Particle Physics, May 2019 T e

and Cosmology




Quantum Field Theory

J@qﬁ el9] how can we calculate that?

00

. T 1
Using dx x* e~ ~ \/7 C—
J_o a d
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

00

. T 1
Using dx x* e~ ~ \/7 C—
J_o a d

J D P DyPyp- el ] : : | : :
Dx_y Dy_Z Dx < Dy_y
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

00

. T 1
Using dx x* e ~ \/7 =
J_ oo a d

[260.0.0,. 5101~ :

R. Harlander, Theoretical Particle Physics, May 2019
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Quantum Field Theory

J@qﬁ el9] how can we calculate that?

00

. T 1
Using dx x* e~ ~ \/7 C—
J_o a d

. 1 1 1 1
J@ ¢ ). Dy, el ] D D | DD
A=Y T Y=< A
X y X y
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Quantum Field Theory

J@¢ elS[¢] p— J@¢ elSmt[¢] eleree[¢]

R. Harlander, Theoretical Particle Physics, May 2019
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Quantum Field Theory

J@¢ elS[¢] p— J@¢ elSmt[¢] eleree[¢]

5. [ = gJ "

R. Harlander, Theoretical Particle Physics, May 2019



Quantum Field Theory

J@¢ elS[¢] p— J@¢ elSmt[¢] eleree[¢]
S,l] = gJ 5

1 | |
:J@¢[1 + §b)? +5¢3¢Y3+;¢3¢y3¢z3 + ... ]eszree[qb]
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Quantum Field Theory
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Quantum Field Theory

J@¢ elS[¢] p— J@¢ elSmt[¢] eleree[¢]

5. [ = gJ "
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Scattering: external fields

J@aﬁ Do,

X1@® ® X3
Xo® ® X4

X4 X3
r. )

Z Z 5
~ 0
7297
X2 X4
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Feynman rules

Forget all of the above!
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Feynman rules

Forget all of the above!

vertex:. } =0

oropagator: s—— =D7'(p)=

P2 — m?2

Connect initial and final state with these objects
= probability amplitude

P, N g”
D2 — m?
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Z-boson production
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s | //
k- [
o
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L\
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b \..
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|
! KE'ZKB TRISTAN — SLL.C
PEP-1I
10 é- | 1 1 II_JEPII 1 | LIEP III 1 -:
0 20 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeYV)

R. Harlander, Theoretical Particle Physics, May 2019

Institute for
Theoretical
Particle Physics
and Cosmology




Higgs discovery
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Higgs discovery
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Feynman rules

Forget all of the above!

vertex:. } =0

oropagator: s—— =D7'(p)=

P2 — m?2

Connect initial and final state with these objects
= probability amplitude

P, N g”
D2 — m?
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Feynman rules for QED

o 5 A electron e-
positron e+

[ AAAANAANAANAANANS photon v

2 ~ charge

4 ;
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Feynman rules for QED

o - 3 electron e- e
positron e+
X.

o ASAAANANAANANANL photon v e

15

2 ~ charge
Y
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Feynman rules for QED

o - 3 electron e- e
positron e+
X.
o ASAAANANAANANANL photon v e
3 .
2 ~ charge
e
Y
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Feynman rules for QED

X - ,8

4 ;

electron e-
positron e+

photon y

~ charge
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Feynman rules for QED

a = B electron e- e
positron e+
SN photon v

e

—

-
X—
-
e e
" ~ charge M o
e
2
y
Xi
X _’3

4 ;
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Standard Model

Standard Model Interactions
(Forces Mediated by Gauge Bosons)

., . | .-—

w

i

ow,

t

w>
P

Teow,

/ / / , I"V{, , L
f/x 'ﬂ X '71 X M':J‘ - ~ i i
Z / / g / _ 8 o - A
aVaVaVa Ve ava V< s ———
VA AN \ Q00000 \ Lﬂ'—d‘b' T q
KX X RX @ W, ORI ©
N\ \ \
X is any fermion in Xis electrically charged.  Xisany quark W W
the Standard Model. . PSR
/. // )] i _p?i-j‘-’ H '_\r'-j\ H
, /v v 9. e N
W /1 D W ’/ \‘Q(Q‘(Q')zw ﬁgﬁb e L _ _l,.. CopN . .
NS \/\/v: ’\/\/\/\,(\ 0 ) “i. T L ~w W}
L N & o7 Wo Yo
k\ lJ \"L O g ".:' e ’Ef‘ Ju
N\ \ o iy ™~ ~
Uisa up-type quark; Lic aleptonandvisthe | “l, [\;\I“'\ "'“Lb' .\]\P‘\J Y
D is adown-type quark.  corresponding neutrino. A . AN
A . . .
- Ti : J :I \'l'l.'_ \ h :' ~" = ':{ ,
’1,.\,1' \IV J\-’ Lﬂ V“L 7 \‘(bp, g 6 " g !
r+ W+ g pan
< X r-r;( L (_{‘)’ C%: 9
_ 79 2o}
Xisa photen or Z-boson. X and Y are any two
electrowezak bosonssuch
that charge is conserved.
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The virtues of Feynman diagrams

Easy to use.
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The virtues of Feynman diagrams

éﬂ
| (L

¢ ¢ _A{X Easy to talk about.
oty

Easy to use.
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The virtues of Feynman diagrams

éﬂ
S

g i}_{iy Easy to talk about.
3 Ty

Systematic and algorithmic:

theory: (g-2)/2 =0.001159652181643(764)
experiment: (g-2)/2 =0.00115965218073(28)

Easy to use.
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We love them...

S =
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We love them...
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sunrise/
sunset
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We love them...

S =

sunrise/ watermellon
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We love them...

S =

sunrise/ watermellon
sunset
tennis court seagull
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We love them...

penguin
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We love them...

penguin
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Interpretation?
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Where the simplicity begins to end:
higher orders
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Higher orders

o - A electron e-
positron e+
A~ AANAANAAANAANL phOtOﬂ v
15

! ~ e (charge)

4 ;
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Higher orders

o - A electron e-
positron e+
A~ AANAANAAANAANL phOtOﬂ v
15

! ~ e (charge)

4 ;
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Higher orders

o - A electron e-
positron e+
A~ AANAANAAANAANL phOtOﬂ v
15

! ~ e (charge)

4 ;
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Higher orders

a = B electron e e e
positron e+
X_
[ Ao~ AANAANAANANANS photon v @_ e"'
3 e’ 1
o= —— = —
T 137

2 ~ e (charge)

4 ;

Jd4k :
(2 = m2)(k = py?L(k = ps — pa® — m2l(k = py?
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Higher orders

* many diagrams

 complicated loop
iIntegrals

e divergent integrals

e e e . e
X—
e e e e
e e e e
X .
e e e €
e e
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B B B ZR T D LD LR 5-loop contributions

to the anomalous
D LD D B L L@ L L oo etic moment

LN o\ L (7 (2N = 2N <2 of the electron
£ £ LD AR A ARN AP L0
EN AN 72N fo\ @ @ Leh L22% Today's calculations:

@ 2 Al A m O(100.000) diagrams

65 66

-7-'{

i @ @ : @\ Require high level
& ge [ﬁ = Q_{ & @ B of automation.

90

08 RAQaMmasn

101 103 104
source: https://www.sciencedirect.com/science/article/pii/S0370269317305324
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Quark-quark scattering

? &%’ q outpUt: 'QIiSt.OUt' 3
~ —  style= 'form.sty' ;
g 1 '

model= 'qcd';
in= 7q,fQ ;
out= fq,fQ ;
loops= 0;

Cr (1 IOOP_momentwr: ;
&,% options = ;
T 5

3P --- 2+ 1- --- 2N+ 1(C-

3Y --- 3A3

A2 --- 4 diagrams

total = 4 diagrams

R. Harlander, Theoretical Particle Physics, May 2019

Institute for
Theoretical
Particle Physics
and Cosmology




Quark-quark scattering

qgraf-3.1.4
output= 'glist.out' ;
style= 'form.sty' ;
model= 'qcd';
in= fq,fQ ;
out= fq,fQ ;
loops= 1;
loop_momentum= ;
options = ;
3P 2+ 1 N+ 1C
IV --- 343
3N --- 130 diagrams

total = 1320 diagrams
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Quark-quark scattering

output= 'qlist.out’ ;
style= '"form.sty' ;
model= 'gcd';

lh= fq,7Q ;

out= fg,fQ ;

Loops= Z;
Loop_momentum= ;
options = ;

376 4058 diagroms

total = 4058 diagrams
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Quark-quark scattering

ggraf-3.1.4

output= 'qglist.out’' ;
style= "form.sty' ;
model= 'qcd';

in= fq,fQ ;

out= 7q,fQ ;

Loops= 3;
loop_momentum= ;
options = ;

3P --- 2+ 1- --- 2N+ 1C-
3V --- 3173
318 134146 diagrams

total = 134146 diagroms
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Quark-quark scattering

x__#[ d222:
¥

il
*ux(fq(-1),1QC-3),9(1))
*vx(fq(-4),fQC 2),g(2))
*ux(fq(1),fQ(3),q(1))
*ux(g(2),9(5),9(6))
*ux(Fq(3),fQ(7),9(5))
*vx(fq(9),fQC4),a(8))
*vx(g(6),9(8),9(10))
*ux(fq(7),fQ(9),9(10))

s a2 Who ever looks at 134146
-4 d223: .
. Feynman diagrams®?

1
*vx(fq(-1),1Q(-3),39(1))
*ux(fq(-4),1tQ(-2),9(2))
*ux(g(1),9(3),9(4))
*vx(fq(5),fQC6),9(2))
*vx(fq(7),fQ(5),q9(3))
*ux(fq(8),fQ(9),9(4))
*ux(fq(6),fQC8),9(10))
*vx(fq(9),fQ(7),9(10))

*

¥__#] d223:
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Surely you’re joking...
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