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The Standard Model of Particle Physics

strong force
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electromagnetic force
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Gravitational Waves
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The Standard Model

Das Standard Modell
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Feynman Rules of

APPENDIX B
The Feynman Rules of QED

(‘TT-'OM 0 NQO{A‘I‘M&HV‘[I

Elem au‘(’ary Particle ’P}\)ISUCS,
.Spr[uger', 1990 )

We shall make use of the following correspondence between physical situa-

tions, t.he elements of diagrams, and analytical expressions. Spin indices are
not written explicitly.

electron in initial state incoming electron line

e (p)

u(p) —_—

electron in final state outgoing electron line

7 e (p)
li[p) —
positron in initial state outgoing electron line
o e ()
mq) L ot

positron in final state incoming electron line

e’ (q)
photon in initial state incoming photon line
(k)
e* =N\~

photon in final state outgoing photon line
y(k)
&> MVACAYA
virtual photon internal photon line
—igu k
2 +ic AN\
u v
virtual electron internal electron line
p+m /)
N e ——r T —e
pt—m* +ie
elementary process vertex
iey® >\f VAV
obfacued fram

The transition amplitude for a particular reaction is given by the sum of all
the diagrams with the appropriate incoming and outgoing lines. Within the
diagrams, any number of vertices are allowed. At each vertex, four-moment.um
must be conserved. This also guarantees overall four-momentum conservation,
ie. the sum of the incoming four-momenta is equal to the sum of the outgoing
four-momenta. The four-momenta flow through the diagrams like electrical
currents through a network of electrical conductors. Internal currgms cor-
respond to loop momenta. Diagrams with no loops are called tree diagrams.
Examples are the diagrams of Fig. 10.2. : '

In Fig. B.1 we show an example of a diagram with one loop. The reaction
is p(k,) + y(ky) = y(ks) + 7(ks) and the loop momentum is L. )

It is implicitly understood that loop momenta are to be integrated over with
a measure given for a single loop by

J‘i - (B.1)
@=)*

lvk\‘kz'k]

lok"k:

Figure B.I A diagram for photon-photon
scattering with one loop.
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Feynman Rules of QED
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Figure B.2 Examples of dia- P P P P P Ps

grams for electron—electron t T ' '
scattering. The diagrams (b)
and (c) receive a minus sign ‘

relative to (a).

a) b) c)

The S-matrix element is obtained from the-transttonamptitude by multi-

plication with the é-function from the energy-momentum conservation:
(Zn)‘é( Ypr—Y p,). (B.2)
\'7 e

where p/(p,) are the momenta of the incoming (outgoing) particles.

A few other rules should be noted. For every closed fermion loop a factor
of (—1) appears. Diagrams differing from one another only through a per-
mutation of the labels of the external fermion lines receive relative to each
other as factors the sign of the corresponding permutation. (An overall phase
factor for the complete amplitude remains, of course, arbitrary.) Diagrams
which are identical as far as the fermion lines and their labeling are concerned
get no extra sign factor relative to each other. Some examples are shown in
Fig. B2

To the interaction with an external electromagnetic field there corresponds
the following analytical expression and vertex:

~

iey* | dx el =Px go(x) p’
. >'Lf\J X
1 =
= —iey” = dx eitr'—m=x j“"xl P
(r' —pr 2

If such a vertex appears in a diagram, then the é-function of the energy-
momentum conservation (B.2) is to be omitted in the S-matrix element.

For calculating scattering cross-sections for unpolarized particles in the
initial (final) state one must average (sum) over the corresponding spin orienta-
tions. The spin sums for Dirac spinors are given in (A.22). The spin sums for
photons require some further explanation.

Let us consider a reaction in which an unpolarized photon with four-
momentum k is incident. The Feynman rules yield as a result the amplitude
for a photon with polarization vector & where the dependence on ¢ is of the
general form

Condl Tl (K, 2)) = M (K)e™. (B.3)

As discussed in Chap. 7, we can replace the photon state by an equivalent

Experiments on BSM Physics
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state (7.31). The T-matrix element remains unchanged, as do all physjca)
quantities. If ¢ is an arbitrary complex number and

g =g+ ck, (B.4)
then it is easy to see that ¢ and &’ correspond to equivalent photon states:
s*al(k)|0) ~ e™al(k)|0). (B.5)
Thus it must hold that
M (ke = M (k)e™, (B.6)

from which it follows that
M (K)k* = 0. (B.7)

In calculating the cross-section ¢ for an unpolarized photon we must
average over the physical polarization directions of the photon in the initial
state:

o Y | M, (ke (B.8)

—
phys.¢

To evaluaté this sum we make use of the coordinate system defined in (7.24),
As physical polarization vectors we can choose &, = (0, e,) and &, = (0, ¢,).
Equation (B.7) yields

M (K)k* = KO( M o(k) — M (K)es) =0,

= (B9)
Mo(k) = MK)e,.
For the cross-section in (B.8) we then obtain
o T Mt =1 Y | Ml =4{|He, P + | Hesl?)
phys.¢ i=1
=4{[Me,? + | Mey + | Mey| — | M)
=4 M,(—g" )M} (B.10)

An analogous argument holds for an unpolarized photon in the final state.
Thus for calculating cross-sections in QED we can make the replacement

z g"e"* —» —g", (B.11)
phys.c

A useful formula regarding a type of phase-space integral that frequently
occurs in the calculation of cross-sections is

i-d‘h jdq: d.(q3 — m})d.(g3 — m3)o(p — q; — q2)

“{a+ b*(g, — q2), + ¢*'(q; — 92)u(q1 — 92),}

— m3

5 T St m3
= 0(p°)0(p* — (m, + mz)')vw(p', mi, m;){a + b“pu—’——q—*‘

2

. 1 G e ity L 2 2 A
+c” {l.4p.p.—g..p‘)—3( ) W'(p*.mx-ms)—p.p.;g(p’ —2m; —3’"‘)]}

(B.12)
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Feynman Rules of QED
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Here p is an external momentum, m, > 0 and m, > 0 are masses, and a, b*,
c* are arbitrary constants. The function w is defined in (2.72) and

o Ao = & & 1 7 &
6.(g* —m*) = 0(g°)o(q* — m*) = ;qaé(qo -J¢ +m?). (B.13)

In order to prove (B.12) one must first realize that the integral is only nonzero
for p* = O and p° > 0 and that the individual parts are invariant or covariant
under Lorentz transformations. For p* > 0 the integral is easily calculated in
a frame where the spatial part of p is zero. For p* = 0 the integral gives zero
except when m; = m, = 0. In the latter case, we define it as the limiting value
for p* — +0.

HELMHOLTZ
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APPENDIX A

Dirac Matrices

Dirac Matrices and Spinors

From O.Nachtmann,
Elementary Particle Physics,
Springer, 1990

Defining relation:

Definitions:

Relations:

77° + " = 2g™. (A.1)
g=a"y, (A2)
s = iY%r' vy, (A3)

o= %(7’7' -"") (A4)
Y. =4, (A5)

Y'dy, = —24, (A6)
y*dby, = 4(a, b), (A7)

Yabey, = —2¢b4d, (A.8)

7‘75 + 7,7’ = o. (A-”
ysys = 1. (A.10)

* From (A.1) it immediately follows for the trace that

Tr(y"y*) = 4g™". (A.11)

The trace of an odd number of y-matrices vanishes:

Tr(#, 4, ... ‘h#l)-o- (A.12)

and Spinors

Appendix A Dirac Matrices and Spinors 471

To prove this we use the matrix ys, for which from (A.9), (A.10) we have
Tr(@, d; ... d5,,,) = Tr(rsd, vsvsdays ... Vs#2a417s)
. = (1" Tr(, 4 ... f2.4,). (A.13)
A further relationship is
Te(d, ... 4,) = Tr(4,... 4,) (A.14)

for which the proof is similar to that of (A.13), but using the matrix S(C) (4.124)
instead of ys.

Relations concerning y,:

Yu¥s = é‘.w,.”"r (A.IS)
Trys = Tr(y"ys) = Trly"y"ys) = Tr(y*y'y?ys) = 0, (A.16)
Tr(y*y™y*yys) = dig*™e. (A.17)

The trace of the product of an even number (2n) of y-matrices can be expressed
in terms of traces over 2(n — 1) y-matrices:

2n
Tr(d,d;...4,,) = .Zz (— l)'(a.. a) Tr(d, ... Au-rfesr oo d2a) (A1B)
To prove this 4, is moved to the right by repeated anticommutation:
Te(#, 8, ... 4,,) = Tr(({#,, #2} — #24,)d, ... 4,,)

= 2(a,, a,) Tr(@y ... 4,,) — Tr(d, 4,4, ... #2)
2n
=23 (100 @) Te(d, ... f- sy - B2)

+ (=1 Tr(d,8; ... 4,.8,). (A.19)
Since the matrices in a trace can be cyclically permuted, (A.18) follows.
For the trace of four y-matrices we obtain from (A.18)
Telr'y'y'y’) = 4{gg™ + g™ — g*g»). (A.20)

The following are some important relations satisfied by the solutions of the
Dirac equation (4.38), (4.41), where s, r = 14 are the spin indices:

(P — mu(p) =0, 2D
(p + m)o,(p) =0,

2 u(plifp)=p+m,

il (A22)

Z ":(P)iu(’)" -—m,
=Tn

HELMHOLTZ
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Dirac Matrices and Spinors

472 Appendix A Dirac Matrices and Spinors

@, (p)u(p) = 2mé,,, o
5(p)o,(p) = —2ms,,, -
Z(p)y*u,(p) = 2p*s,,, A20)
7,(p)y"v,(p) = 2p*$,,, '
i (p") {2my* —(p" + p)* — ic**(p’ — p),}u,(p) = 0,
(A.25)

5,(p) (2my* + (p" + pY + ic™"(p’ — p),}u,(p) = 0.
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Measurement of Lande ge Factor
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Quantum Electrodynamics
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PETRA and DORIS ete- Colliders at DESY

HERA
(Hadron-Elektron-Ring-Anlage)

PETRA
(Positron-Elektron-
Tandem-Ring-Anlage)
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The LEP ete™ Collider at CERN

s=90-209 GeV

¢ Electron

P ¢* Positron
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Running of fine structure constant
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Gell-Mann Matrices and Structure Constant

The iola=1, ..., 8)are the Gell-Mann matrices:

(0 1 0 (0 —i 0 1 00 ['g ; il
A = ( 1 0 0 ) , g ( a6 ) , = (0 _q 0)’ :‘::tlse of.lf T:::l cxin;lcpendent, nonvanishing compo-
00 0 0 00 Wi o o
00 1) D0 =3 (0 0 O (a, b. C) ./;bc (a, b, C) dabc
/4=(0 0 0) ).5=(0 0 0), =10 0 l), 123 1 118 1/\/3
\1 00 \1 0 0 \0 1 0 147 1/2 146 1/2
(0. ©0) l 1 0 0 156 —-1/2 157 1/2
iy = lo 0 —i ) A'g=—/§ (o 1 0). (C.44) 246 1/2 228 1/./3
\0 i O N 0 0 —2 257 1/2 247 —1/2
Relations: 345 1/2 256 1/2
367 —1/2 338 1//3
Tr i, =0, (C45) 458 V32 344 1/2
Tr(A,4,) = 28, (C.46) 678 J32 355 1/2
[2as 451 = 2ifapces | (C.47) 366 —1/2
(A =40 2du (C.48) 4 g
Fas Abf = 3 Oap abees . 448 —1/(2\/5)
where f,,. is totally antisymmetric, and d,,. is totally symmetric with values 558 — l/(2\/3—)
for the independent components as given in Table C.1. 668 -1 /(2ﬁ)
778 —1/2./3)
888 -1//3

(7’7'01% 0. Nacldmann, f@;m/—an?/
Paqu‘c Le fPL)/S('c S >
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Feynman rules of QCD

(D Nackimann €lema.u_+ar7 Tanhele @’7 sies )

APPENDIX D

The Feynman Rules of QCD

In this Appendix we present the Feynman rules of QCD. The derivation
of these rules from the Lagrange density (19.22) is best achieved using
the path-integral formalism. Here we restrict ourselves to giving only the
results.

The Feynman diagrams of QCD are constructed from three types of lines:
quark lines, gluon lines, and so-called Faddev-Popov ghost lines. Within
" QCD it is not possible that lines corresponding to different quark flavors are
joined together. The ghosts are to be treated like a complex scalar particle
with zero mass. Thus ghost and antighost are distinct. The corresponding
lines, like the quark lines, are given an arrow. The ghosts transform according
to the adjoint representation of the color group SU(3) and thus carry a color
indexa(a=1,...,8).

We shall make use of the following scheme to relate physical situations,
parts of diagrams, and analytical expressions:

quark in initial state incoming quark line

q(p)

u(p) ——

quark in final state outgoing quark line

q(p)
u(p)

Experiments on BSM Physics

- Christian Schwanenber

antiquark in initial state

v(p)

antiquark in final state

v(p)
ghost in initial or antighost in final state
i
ghost in final or antighost in initial state
1
virtual quark with flavour j
i
P—m+ie
gluon in initial state
El
gluon in final state

¥

virtual gluon

:sab = Zuv “ 2. ‘:)kukv
" {kl +is T (k* + ie)?

virtual ghost
6!0

outgoing quark line

q(p)

——

incoming quark line

q(p)

———————— o

incoming ghost line

- ———®

outgoing ghost line

[

internal quark line

14

L —— ]

incoming gluon line
I LI LE IR
outgoing gluon line

MEIILLLL B

internal _gluon line
ST

internal ghost line

O G — g

The elementary processes of QCD correspond to the following vertices:

3
3-gluon vertex (12 k; = 0, all momenta incoming)
=1

_gsfnlqo,
) {(kl e kz)ngu;u:
+ (kg — k3),, 8.,

+ (kJ — kl)lxgl)lx}

ki, py,ay

ky, u3, ay

ks, pa, @,

Chapter 1
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Feynman rules of QCD

Yy-30 Appendix D The Feynman Rules of QCD

-
4-gluon vertex ( Y. k; =0, all momenta incoming)

Jj=1
igxz./;,n:bj;,hb kes s, ag
“BuansBine — EninsBnans) et
+ cyclic perms. of 1, 2, 3 Kz, liz O

ki, py, a,
ghost—gluon vertex (p, k incoming; p' outgoing; p + k = p’)
p,a
N\
\\
Ssvrvkoub
//
p,c
-~ quark-gluon vertex (p, k incoming; p’ outgoing; p + k = p’)

8:farcPy

’

p

i ed s >T!rmk- W a

P

The parameters that appear in the above Feynman rules are the coupling
constant g, the quark masses m; (j=1, ..., f), and the arbitrary gauge
parameter ¢ which must drop out in the expressions obtained for observable
quantities. It is usually most convenient to set & = 1: this is the so-called
Feynman gauge. We used this gauge throughout our discussion of QED where
an analogous gauge parameter can be introduced.

“The rules for loops and for the §-function of energy-momentum conserva-
tion are the same as in QED (Appendix B). For every closed fermion loop and
every ghost loop a factor of (— 1) must be included. For closed gluon loops
one must take the so-called statistical factor into account. This is obtained by
counting up all possible contractions of field operators in the perturbation
expansion, which, for QCD too, is as given in (9.14). The diagram in Fig.
D.1(a), for example, has the statistical factor 1, and that of Fig. D.1(b) has the
factor 4. In order to see this we write the three-gluon coupling schematically as

|
i:G’(x)z,

where G(x) is the gluon field operator. The diagram of Fig. D.1(a) then
corresponds to a certain Fourier transform of the vacuum expectation value

<0|3l—' :G*(x): G(x,)G(x,)G(x3)|0) o 1. (D.1)

The evaluation is carried out using Wick's theorem from Sect. 8.2. G(x,) must
be contracted in turn with each of the three operators from : G*(x):. For G(x,)

- Christian Schwanenber

a)

Figurg D.1 A diagram with a three-gluon vertex in w
a statistical factor of 1(a), A self-energ
statistical factor of 4 must be taken (b).

p hich no loop occurs, hus gi
y diagram for the gluon propagator.

only two possibilities then remain, and for G(x;) only one. The net resul
indicated in (D.1) is that the factor 1/3! is cancelled. If we now move oti'{ 4
diagram of Fig. D.1(b) we find, with the factor 1/2! from the cxponcntia'f

in(9.14), a corresponding vacuum expectation value of :

1,1 |
a1 <0137 162 (x): 37 :G%(3): G(x,)G(x,)[0) o §.

This statistical weight of } can also be interpreted as phase-space factor |
the two gluons in the intermediate state since these are indistinguishable.

When calculating the polarization sums for gluons in the initial or | z
states there are likewise a few points that should be noted. It is always possible
to do the calculation noncovariantly, ie., to consider only the transverse
polarization degrees of freedom of the gluons (cf. Appendix E). Alternatively,:
one can work with covariant quantities, Le., replace the polarization sum
a gluon in the initial or final state by ;

Z E‘tl: = =& et -

Spins o

In this case, however, it is also necessary to take into account processes Of
same order with incoming and outgoing ghost lines, treating ghosts and =
antighosts formally as if they were extra degrees of freedom for the gluons {0
be considered in their spin sums. (Of course only two external gluon lines can®
be replaced at a time by ghost lines since an odd number of external ghost =
lines is impossible, as is an odd number of external fermion lines.) Amplitudes
corresponding to diagrams which are identical except for permutations of the. =
labels of external ghost lines receive extra sign factors relative to each other

Chapter 1 19
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Feynman rules of QCD

Appendix D The Feynman Rules of QCD

in the same way as for fermions (cf. Appendix B). In calculating transition
probabilities one has furthermore to include a factor (— 12 where n is the
number of external ghost lines in the corresponding diagram. Thus some ghost
processes, for instance, the production of a single ghost-antighost pair (n = 2),
get assigned a negative probability (cf. Cutler 1978).

These rules are sufficient for the calculation of all tree diagrams, i.e., dia-
grams without loops. For the regularization and renormalization procedures
to be applied beyond this level the reader is referred to the available textbooks,
e.g., Itzykson (1980).
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Search for Different Quark Flavors
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The Top Quark

m b (1976)
m C
' quarks
1 U
T
*%  leptons
lel 1 1 I 1 1 1 1 l | 1 1 1 I 1 1 1 1 I
0 I 25 5 7.5 10
neutrino masses <« 1 eV proton Mass (GeV)
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The Tevatron pp Collider at Fermilab

_ [ —— ,
S ek
® 000 D ;vv-~.._$'\‘ i
) % M Boogter ==~
> i % A _:.- =

e
) |
i =

Main Injectof
& Recycler

AL _ i
p 17'47‘"7, :‘V?"T“ p

Js =1.96 TeV
At = 396 ns

Run 1 1987 (92)-95
Run I 2001-11: 100x larger dataset
at increased energy

@ Experiments on BSM Physics - Christian Schwanenberger - Chapter 1



The Top Quark

PRL 74, 2632 (1995)

|discovery| PRL 74, 2626 (1995)

I 1 March 2nd, 1995:
events D& . .
g First announcement of Top Discovery
34 in public seminar at Fermilab
i
°1oo 200
Fitted Mass  (GeV/c?)
5 ! ! ! !
. 4_19 events o
ol |
:

1995, CDF and D@
experiments, Fermilab
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The Top Quark

PRL 74, 2632 (1995)
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The Top Quark

PRL 74, 2632 (1995)
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The Top Quark
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The Top Quark
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Dimensional Regularisation
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Asymptotic Freedom
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Asymptotic Freedom

s ['(t = v, + hadrons)
04t 1 Deep inelastic
scattering
a{e*e” —hadrons},
e*e~ event shapes
03
[ ]
v
% 7 I'(Z% — hadrons),
T Z° event shapes
04 GLS sum rule {
01t T decay A=02GeV
strong coupling ot (Q?)
g pling o
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Asymptotic Freedom

David Gross, David Politzer and Frank Wilczek awarded the 2004 Nobel
Prize in Physics for the discovery of asymptotic freedom

(g

N . ; Twenty years ago, David Gross,
diss S @ H1-incl. jet daia David Politzer and Frank Wilczek
" [Ny discovered asymptotic freedom
L A -
X "N Rtk 2002 in the theory of the strong
interactions. Measurements
published by H1 in the year 2000

beautifully illustrate this effect: the
strong coupling a is seento

0.15

decrease as the energy at which it
is measured, ETlet, increases.

0.10

10 20 100

Er® [GeV]

Noble Prize 2004 for running of strong coupling o_
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Asymptotic Freedom

CMS
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Discovery of J/P

Dissociation POSITARAONILM
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Discovery of J/P
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Discovery of J/yp

P'(3.7) = P(3.1) mn — e'e WM
in a spark chamber detector
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" CHARMODNIUM

Discovery of J/P
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Discovery of J/Wp
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Potential of strong quark interaction
from charmonium and bottomium data
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Confinement

hadrons quark-antiquark _
pairs

Schematic Hadronisation
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Quark Pair Production
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Gluon Discovery
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3 jet event and angular distribution
at e'e” accelerator PETRA

Experiments on BSM Physics - Christian Schwanenberger - Chapter 1



The HERA ep Collider at DESY

HERA
(Hadron-Elektron-Ring-Anlage) Ee= 27.6 GeV Ep= 920 GeV
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Deep Inelastic Scattering: Neutral Current

deep inelastic scattering (DIS): H1 detector

H1 Run 122145 Event 69506 Date 19/09/1995

k T— k’ '.
2 "2 - 2500 Gav i, y=0.5s, M= 21 Gev :
{ Q =— (k-k’) Q' = 103 G 5 A1 G ‘ > _\‘.

e
.\—\1&
L —_ ¢ = : T
> == p remnant chty
QQ: four-momentum transfer 1 fractional momentum of
spatial resolution ~ 1 /() the struck quark
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Parton Density Functions

. H1 and ZEUS
Z | =10 Gev? : valence
gr:‘aon:.s 0.8 _ —— HERAPDF2.0 NLO _ / quarks‘
* uncertainties:
- I experimental - alf of roton
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quarks: = |
lead to sl
scaling
violation,
F,(Q’)=const.
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Quantum Chromodynamics
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Comparison between QED and QCD
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Standard Model Particles

ELEMENTARY
PARTICLES

Leptons| Quarks
Force Carriers

Three Generations of Matter

Higgs-boson:

explains masses
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Summary QFD Lagrangian
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Summary QFD Lagrangian
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Flavor quantum numbers of quarks & leptons

T T3 Y Q
1/2 112 ~1p 0
1/2 -1/2 -1/2 -1
0 0 -1 -1
17z 1/2 16 . 2/3
1/2 - 1/2 1/6 - 1/3
0 0 2/3 . 2/3
0 0 - 1/3 ~1/3
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Mass eigenfields and CKM Matrix
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SM Lagrangian
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SM Lagrangian: interaction

L=z Ty W) Zas et I
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. L2 +,L /W-f ) W A‘f)}
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SM Lagrangian: em interaction
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SM Lagrangian: em interaction
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SM Lagrangian: NC interaction




SM Lagrangian: CC interaction
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General Form of CKM matrix
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Wolfenstein parameterisation of CKM matrix

1-4° p NAGR )\
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Measurements of CKM matrix

1-5|III|IIII|III|

™ | excluded area has CL > 0.95 \:
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QFD Feynman rules

The following rules—specific to QFD—represent the additions.

W~ initial state

e(k)

W in final state

e*(k)

W in initial state

e(k)

W in final state

e*(k)

incoming W line
W= (k)

outgoing W line
W (k)

outgoing W line
W*(k)

~— — — ———

incoming W line
W (k)

—_————— — — —g

Z in initial (final) state
e(k) (e* (k)
Higgs particle in initial (final) state

1

virtual W boson

(L ke
i\ =g+
W

k* — md, + ie

virtual Z boson

: N 4 A
il —g" + 3
Z

k* —mZ + ie

virtual Higgs particle
i
k? —m? +ie

external Z line

internal W line

Wi(k)

u v

internal Z line
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QFD Feynman rules

Vertices with 3 vector bosons (

J
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k; = 0, all momenta incoming):
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QFD Feynman rules

Fermion—Boson vertices:

Vertices with Higgs bosons:
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Maxwell Equations

MGl vE=2

. #
MG2  VB=0 ﬂ BdA=0
MG3 VxE=-0,D 55

MG4 VXBZ/L05+/L0€08,5E féd§=/L0]+,u0€08tf EdA

Lorentz force: F=gq(E+9xB)
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Quantum Electrodynamics

Suu«u&o..u& RLED L&%MW
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Quantum Chromodynamics
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Fermion-gauge boson vertices

i

~ Diagrammteil analytié cher Ausdruck
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Gauge boson propagators

f—

- Diagrammteil analytische‘r Ausdruck
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