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‘igure 8.11: Factorisation in

1S: the bull diagram. All IR divergences are absorbed in
the soft factor S, that hence only interacts with the and FF. Note that
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The Mikowskian loop integrals are then the same as the Euclidian ones, up to a
possible sign difference:

d“k 1 g A I'(n- (;)A‘g n (B.252)
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We list some other common Minkowskian integrals:

d“k i &
fiw In(k*-a) = - i (*E{) az, (B.26a)
(2n) (am? \ 2
d kw ki L DTN A 9 25 (B.26b)
(2m) (4m)>
w 3 . F 03" o
d“k SR A S VR (B.26¢)
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Feynman diagrams

Figure 2.1: As a parallel transporter transforms in function of its path endpoints only,

all paths shown will give rise to equivalent (4( - )'s, shifting a field at x to a

field at y.
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Figure 9.6: In the dipole picture, the BFKL evolution is an evolution in dipoles, i.e. new

dipoles are created during the evolution. A gluon that is radiated from the
dipole can be represented as two fundamental lines (see Equation 10.13).
This essentially splits the dipole in two at the point z,, as is illustrated in
the second diagram.

———— T

Figure 5.8: All types of first order corrections to the DIS process. Real corrections are
on the upper line; virtual on the lower line.

a) b)
Fiowre 5.0+ 2) Initial state gluon radiation. b) Final ctate -1 Tiatinn
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and similarly for the seven remaining diagrams
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@ Goals ;

'3 Lagrangian ?

¢ Feynman diagrams ?
3 Standard Model ?
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This is not a regular lecture
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- feel free to interrupt ‘
& ask questions
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*@ Feynman Diagrams

P
j
%

f ® Follow from perturbative expansion (see later)
| . : |
@ Particles are drawn on space-time plane |
; |
| ® Are an easy visual way to calculate elementary |
.
| processes |
|
® Order of diagram = number of vertices / 2
| |
| ; : :
1 @ Use Feynman rules to get mathematical expression




*@ Feynman Diagrams
g

Different lines for different particle types: |

® fermion (matter particle) f—>— |
® antifermion (antimatter particle) f—<—7

® photon AANAAY

“‘M.
y
=3 -

; ® gluon e
iy S ————
|

® weak boson £




gluon self-interactions

boson - fermion interactions
Y
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gluon self-interactions

boson - fermion interactions i
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2 Feynman Diagrams
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That was nice and stuff, but let's try to be rigorous
and build from first principles...
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Symmetries:

Y |

Building the Lagrangian

B
S8




Basics

® basic components are fields
® just mathematical tools
® will give rise to particles

® principal quantity is the action, which is
the integral of the Lagrangian:
5 /d‘*x L(x,P,0)
® all paths possible (simultaneous), but
path with least action is favoured

® minimising action leads to equations
of motion
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V=Y

® is kinetic energy minus potential energy
L=T -V

® classical example: spring hnn\_.

e & D R g i A il il S s i i, il AL S DR AL s 45

= Fai- A 2ol

® field example: free electron field
L=ipdp-—mPp = (i-—m)y=0 (QM)

Calns ageanied 2
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& Lagrangian?
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Lagrangian!

® Kinetic terms are quadratic and have
derivatives YJY, 0,0t

® potential terms are what is left

® special type: mass terms: mpy, m? [p[>, ...

quadratic without derivatives
® others are interaction terms YAy, ...
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@ symmetries

{ ® |eave theory unchanged
® symmetry => conservation
Emmy Noether
® homogeneity of spack>
=> translational invariance
=> momentum conservation
® isotropy of space

=> rotational invariance
=> angular momentum conservation

i Sl s & (i PR et B T LIl b S e 1 g . i

B

Ll e i e




f ® in quantum mechanics, y is an amplitude
® not physical
® |yl2is probability, physical

® phase is undetermined, because we can
scale ¥ — €Y, then ¥ — e Y, such
2 2
that [V|” — [¥

i Sl s & (i PR et B T LIl b S e 1 g . i 4‘4,,%, FEIN

s

=> invariant!
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& symmetries
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V=Y

)

|
|
|
|
|
|
|
|
!
{
|
s

:

Symmetries

® similar in quantum field theories:
VAP — by mbd — mpy
in other words [ = [’
® free electron field
=> conservation of electric charge

® BUT... phase a can depend on spacetime
coordinates: a = a(x)

G — Wby — b (da)

=2

L'=L—¢(da)y

no longer invariant!




Lagrangian

( ® add term gWAY to the Lagrangian

o ® with property A, — A, +1/g 0,0
; ® because then gAY — gyAY + U(da)y
‘
|
|

® invariant !

® but new field also needs kinetic terms

j; ® symmetry => conserved tensor:
‘ _’ va = a“Av S &,Ap
- ® its square will be Kinetic term:
] lF Ehv
——Fuy

4 ‘
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From the Lagrangian

to a full theory




2 QED

Full Lagrangian for Quantum Electro Dynamics:

LoD — iVIY — mPy + Q\TJA\IJ - %F“VF}JV

gt X

| electron Kkinetic term photon Kinetic term
v
electron mass term

T P P S S AL DT A L s 45

o ks
e

\
o electron-photon interaction term
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Full Lagrangian for Quantum Electro Dynamics:

| , ’ . ; l
f »CQED = IkP@\IJ — mtljklj o ggl)AqJ = ZFPVF“V
|
|
!

Y T e S T Y ¥

v

‘free’ theory

Laep = Lo + L1 interaction’ theory

Keep Lo exact, but expand £; => perturbation theory s _
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Propagation of an electron from x to y:

(014 (y)$(x)/0) = [DHDY oS

Propagation of a photon from x to y:

|
|
|
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Easily generalised to more points:

and

<O|¢Y1¢Y2 qjxlqsz ‘O> — /D\TJD\I) eso
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& Free Theory
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© Interaction

® Add interaction part from action (Lagrangian) to |
the exponential e~ b

® Equations are not solvable anymore { '
=> expand interaction part:

1
e51%1+51+55§+...

® Propagation of electron from x to y is now:

%;<LIJ(Y)¢(><)>= / DYDYDAY $(y)$(x) es°<1+51+15§ +-~>:

|
§
|
|
ﬂ
%
F

2 3
£




© Interaction

® Propagation of electron from x to y is now:

(W(y)(x)) :/DKIJDKIJDAP Y(y)d(x) €SO(1+SI—|—;S%—|—. . )tj

® Take the second order as example:

Sf = g° [dzdu (YAY)  (bAY).

® So we have electron propagation from x to z, fromz »
z to u, and from u to y. We also have photon
propagation from z to u. Schematically:
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® Other possibility:

y AR \VAVAVAVAVAVAVAV BRIV |

® Vacuum diagrams
=> These are unwanted and have to be cancelled

DYDY Y(y)d(x) €3
/DYDY eS

(Y(y)¥(x)) =

P T i Ao -.‘I."‘:.‘A“'Hw_\r'
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® So the full propagator is:

- L

® This can be extended to any number of particles,
I.e. electron-electron collision:

<q}c\|}dqjaq}b> T

T T b S T T e ST w45 T Mg ATy 0 5T LT T T Wi 3Ty TRV o T gt Y



)

Laep = P
V

b mb gAY — Py P

L

X

Feynman Rules

Full Lagrangian for Quantum Electro Dynamics:

;
|
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SM:
The Standard Model
of particle physics
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Lagranglan

® We can easily extend our theory by addmg new
parts to our Lagrangian:

L = Lqeo + Laro + Lacp + - - -

® QFD (weak force) and QCD (strong force) are
very similar to QED. They only add two different
types of interaction terms:

\4
Pruboy 0" Ay AuAyAEAY
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interaction partlcles hot coffee (can be omitted)

interactions between matter partlcles - /

+ - + - mass for antimatter particles

+ VY9 + h.c.

mass for matter particles

D> —V(9)

mass for interaction particles Higgs self-interactions




| | *i ISI 2na 31‘0

Name

// 23 M B9/ 13515 G Mass: c\//c2
23 23 t 23 Charge
u 12 C 12 12 Spin

48M )
1/3 ~1/3
d 1/2 S 1/2
\ down ) \_strange
0.511 M \ 105.7 M
e =il
K electron ) muon

<22 0.17M <155M 80.4 G 91.2 G
v ==l 0
e 1/2 2 T 1/2 V V 1 Z I
\ € neutrino M neutrmo T neutrino W boson 7. boson

/ﬁ

<

\9010; Ie[ONU LM

/_\

T v A RTT N g OB AR RN

o source: http://www.physik.uzh.ch/groups/serra/StandardModel.html e



http://www.physik.uzh.ch/groups/serra/StandardModel.html

= Symmetries

Electric charge, hypercharge, colour charge

l &
f ® 4-momentum (restriction on possible total mass)
{ ® Lepton number (total and individual)
: ® Baryon number
; ® NOT meson number
| ® Isospin
E B =

® Example: Muon decay




&l 1nteractivity

|
Did you pay attention? 'f
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®)]  Eexercises

- ® Draw Feynman diagrams for the following processes
| using the weak interaction: '
{ = ut 4 v,
A-rpltes £V,
KX e

T fe V.
® Draw Feynman diagrams for the following processes

using the strong interaction:
W —snt+m +n

i Db & B b SR i g il Lt i SESNGG  i HN 2
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p? >t +m
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—p+mt
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& challenge Exercise

A proton target is hit by a proton beam with momentum |pl=12GeV/c. In one specific

“event, 6 tracks are observed. Two of these point to the interaction point and from
1

their curvature we know these are positively charged particles. The other tracks r
{ form two pair of opposite charge. Both pairs are visible only a few cm past the
 interaction point. It is hence clear that two neutral particles were produced that £

\
)

later decayed into charged particles.

1. Make a sketch of this event |

2. Discuss which mesons and baryons would be possible candidates for these decays |
(use the particle data - mass and lifetime - from the PDG booklet. Look for decay
channels into two charged particles) |

{3. The measured momenta for the two pairs are:

a. lp:l =0.68 GeV/c Ip.| = 0.27 GeV/c 6,.=11°

b. Ip:l = 0.25 GeV/c |p-| = 2.16 GeV/c 6..=16°

with a measurement error of 5%. Calculate the total energy to decide with f
hypothesis from 2. agrees with these measurements :

4. Use these results to draw a Feynman diagram. Is this the only possible solution?
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L@J Questions?

- frederik@cern.ch*

“reply guaranteed within the decade
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C'est tout

Thanks for your attention!




