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elementary constituents of matter | fundamental forces

STANDARD MODEL

quarks and leptons gauge forces as a consequence of the

gauge principle=

symmetrie requirement



matter fundamental forces
electromagnetic
atom weak
(10° cm) (nuclear decays)
strong
(permanent confinement
of the quarks in the nucleon,
atom —»
nuclear forces)
nucleus +
electron

nucleus—»
proton +
neutron

& leptons
proton —s *
quarks O electron
(<1071 cm) (<1016 cm)




Elementary particles of the Standard Model

spin 1/2 matter particles, in three generations

eptons () (%) (") ()
quarks (q) (Z) (2) (Z>

electric charge

)
(3)

spin 1 gauge bosons (mediators of the fundamental interactions)
photon (v) e no free quarks and gluons
gluons (g) e confinement’ in hadrons
W=, Z bosons e indirect evidence

spin 0

Higgs boson (H) ?



Fundamental forces = gauge forces

: : participating .
Interaction theory : mediator | examples
matter particles
+o— +o—pteo—
~ : ete” —eTeele
electro- electrically charged
: = QED yEnare photon () | ete™ — pFu~
magnetic Ne 0
™ =
— decay of nuclei
unified n—pel,
weak > electroweak all I, g (in pairs) W= Z, v | p—v,eb,
gauge theory KO — gtn—
- ete” — Z
— nuclear forces
strong p— T
. +
in etp — e -
resp. QCD coloured q gluons o P +any
ing
colour _
in e + e~ — three
jets




Plan of the lecture

2. | quantum field theory (QFT) why? how formulated?

3. gauge interactions

electromagnetic (QED)

e all interactions weak gained from a simple, elegant principle, the
strong (QCD)
so-called

gauge principle in form of gauge interactions

e — perturbation theory (for small couplings) — Feynman diagrams

— (lattice physics for large couplings)

e the Higgs boson, spontaneous symmetry breakdown and masses for W=, Z, [, q



4. quantum effects, some applications and key precision tests

e quantum effects and precision tests in QED

e running couplings in QED and QCD —

qualitative understanding of asymptotic freedom
quark confinement of quarks
at large distances at small distances

e test of asymptotic freedom and of three colours

e HERA: deep inelastic scattering and the nucleon structure functions

as test of perturbative QCD

e quantum effects in electroweak interactions and the indirect determination of
m¢ and mg at LEP, SLD



5. physics beyond the Standard Model

e some open questions in the Standard Model

e brief remark on neutrino masses

e composite quarks and leptons

e new particles, examples: leptoquarks and leptogluons
® new gauge interactions

e grand unification

® supersymmetry

e brief remarks on

supergravity, superstrings, baryon asymmetry, cosmology, extra dimensions, non-
commutative geometry



2. Quantum field theory

& QFT - why?

non-relativistic quantum mechanics | Az \, uncertainty principle Ax - Ap > O(h)

Ax N— Ap / implying  p ./ implying v /¢ (c = speed of light)

special relativity

- F = \/]5’202 + m2ct with FE,.. = mc?

relativistic — conservation of energy F
t =T transformation
quantum-— — kinetic energy <——  mass
mechanics is
insufficient — no conservation of particle number and particle species

quantum field theory | allows description of | particle production and annihilation




& QFT - formulation

step 1

each particle species 225" field ®(t. &
P P )

role model: electric and magnetic fields E (¢, £), B(t, &)

1 mass point (in 1 dim.), described by 1
generalized coordinate

classical mechanics

>

X
B(t,X)

classical field theory

1 field, described by 1 generalized coordi-
nate in each space point &

q(t), q (t) O(t, ), ® (t,Z), VO(t, )

Lagrangefunction L =T — V (potential V' contains interaction)

L(q(t), 4 (1))

L(D(t,F), & (t,7),VO(t, T))

L:fd?’a:

J/

Lagrangz density

action S = [dtL, Hamilton principle of extremal action §S =0 —



equation of motion field equation

oL doL oL 0 0L = 0L

ve 2 YE e

. — -+ =
dq dtoq 0P 0t @ O(Vo)

establish L for each of the fundamental interactions

step 2 among the relevant fields (see sect.3)

For free fields, i.e. no interaction:

spin 0: ®(¢,%) field equation = Klein-Gordon equation
= relativistic generalization of the Schrodinger equation
(B2 — 2p2 —m2c* =0; E — ih, p— —ihV)

ot”’
h=c=1 (O+m?)d(t,7) =0| with O=(2)2 - V?
— | L = 5((59)2 — (V@)?) — 3m20?




el
with 8, = ( & ) 1=0,1,2,3
@D :4—spinor: (¢1, ¢27 ¢37 ¢4)7

Y =4 X 4-matrices

spin %: (t,Z) field equation = Dirac equation

("0 — m)Y(t, F) = 0 | > | Lie = (iv%0, — m)y)

free

spin 1, m=0: A¥(t,Z) 1 =0,1,2,3 electromagnetic field

V(t,¥) = scal tential Y & o S A
A“(t,f)=< (59) Scaarpoen'a> B=VxA B=-vwv-22

A(t, &) = vector potential

electromagnetic field strength tensor with components in terms of E and B

0
Frv(t, @) = OMAY(t, ©) — OV AR, T)  with 0, = ( z >

field equations = Maxwell equations (in absence of charge and current densities)

aILLF’UJV(t,f) — 0 — EAM — _iFluz/F/JJV

free




step 3

quantum mechanics

conjugate coordinate

oL
plt) = 0 q ()

q(t).p(t)] =ih

[A,B]=A-B—-B-A

{A,BY=A-B+B-A

q, p — operators

field quantization

quantum field theory

spin 0: (¢, ¥) conjugate field
m(t, &) := ,8£
0 ® (t,T)

®(t, &), m(t, &) | = ihé®)(Z — &)

scalar boson field quantization

_ oL
d o (t,T)

spin 1/2: To(t, @) : V(D) Yalt, D), a=1,..,4

{$alt, @), ma(t, ) | = dap iR (F — &)

Dirac fermion field quantization

®, 7 resp. Y,, mo — field operators



. oc
d A, (t,%)

T (t, &) :

[A“(t, ), (1, :;;")} — g iR (Z — &)
electromagnetic field quantization

(modulo complications due to gauge invariance)

g"'”=metric tensor

AP, 7t — field operators



& QFT for a free scalar field and particle interpretation

field equation (O + m?)®(¢,Z) = 0, with O = (£)* — V?

general solution

(t,7) x [ dE d®p §(E? — 52 — m?) X (a(E,p) e i EPD 4 o (B, p) etiE5)

energy 3-momentum relativistic energy-momentum relation

Lagrange density £

free

conjugate field 7 (t, &) :=

— H(G) - (F2)) - fmie?

oL .
=& (t, )

o0& (t,7)

field quantization [cb(t,f),w(t,f’} — ihé®(Z - &)

la(p), a’(p')] = 2E 16 (5

—/

p

),

[a(p), a(@)] = 0, [a(p),al()] =0

a(p) = a(E, p) is field operator, a'(p) is the hermitian conjugate field operator

with p = (

STl



Hamiltonoperator  (measures total energy in the field)

H=[de(r & —L) = ... + [dE &®p §(E* — 5> —m*)E a' (p)a(p)

number operator N (p)

eigenbasis of N(p) (Fock space of multiparticle states)

n(p) = number of particles with spin 0, mass m with
N(p) |n(p)> = n(p) |n(p)> energy between E and EF 4+ dE and momentum between
pand §+dp, E = +/52 + m?

eigenvalue eigenstate

N(p) a(p)D n(p)> = (n(p) & 1)alp)D|nlp)> ——

provides basis for

a’(p) |n(p)> « |(n+1)(p)> a(p) = particle creation operator

particle production

a(p) |n(p)> < |(n—1)(p)> a(p) = particle annihilation operator and particle anni-

hilation in QFT

Normalize the energy of the ground state |0 > to zero — eigenvalue spectrum mn(p) = 0,1, 2, ...

consequence of the field quantization! field «—— particle



e multiparticle states Bose-Einstein statistics

11 (P1)s s P (Prm)> o (@l (p1))™ - ... - (aT(prm))" 0>

automatically: total symmetry with respect to the exchange of any two particles

& QFT for a free Dirac field

° [,] — {, } for a Dirac fermion field the arguments runs analogously, also leading to particle creation

and annihilation operators. Due to the anticommutator ({a(p), a’(p’)} = 0, implying (a'(p))? = 0)
the multiparticle states obey

Fermi-Dirac statistics resp. the Pauli principle

’pl, vevy P> X aT(pl) Cae e CLT(pm) ’O> (for simplicity the spin degrees of freedom have been suppressed)

automatically: total antisymmetry with respect to the exchange of any two particles
e existence of antiparticles in QFT

e the field energy is bounded from below



3. Local gauge interactions

& preexercise in symmetries by means of examples from daily life

snowflake

Drehung um sechzig Grad

N
< >

e invariance with respect to common, i.e. global rotations by 60°

e section can be chosen by convention



e invariance with respect to common, i.e. global rotations of all points by an arbitrary
angle

e the line can be chosen by convention



e invariance with respect to common, i.e. global rotations of all points of the surface by
an arbitrary angle around the given axis

e longitudinal circle can be chosen by convention



e the balloon is required to keep its form, if each point of the surface is allowed to be

rotated by an arbitrary angle - independently of the other points - i.e. if the surface
remains invariant with respect to local rotations

e angular convention can be chosen arbitrarily for each point of the surface

the local symmetry is only possible
in the presence of forces




'derivation’ of quantum electrodynamics
(QED) from the gauge principle

& history electromagnetic interactions (Maxwell equations, QED) have a local gauge invariance — ge-

neralizeable — put on the level of a principle — access to the understanding of strong and weak interactions

& starting point  free matter particle e.g. electron (with electric charge Q, = —1),

described by the Dirac equation (i2~° — iVY — m)(t, &) =0

& global symmetry the absolute phase of the field (¢, &) is not measurable

. . . . The absolute ph b
invariance with respect to global phase transformations 11¢ ADSOIITE pRase can be
fixed by convention. Ho-
V(t,T) — e Y(t,T), wever, the convention has

to be identical at all times

where « is an arbitrary constant. .
and at all space points.




& requirement of local symmetry (conceptual analogy to general relativity)

GAUGE PRINCIPLE

- invariance with respect to local phase transformations
Y(t,5) — e BT y(t,2),
where « is an arbitrary function of ¢, .

- The phase convention can be chosen arbitrarily at each time and at each space
point without effect on observables

& symmetry group the transformations v (¢, ) — ety (t, T)

build a group of unitary transformations: U (1),

& The requirement of local symmetry is not fulfilled for the free electron, since

(28" (@Dt m) = eeen( P Yo +iet Dz 7 Jaln

J/

V.

additional term



& Force as a consequence of the gauge principle

in order to implement the local gauge invariance, the four additional terms require the introduction of four
fields and , the so-called gauge fields with spin 1, mass 0 and their interaction

/ot /ot V(t,Z) \ .
(¢ )~ (% )“eK —A(t, @) )D

~ v ~ v ]
covariant

~" ~"

Oy 0, A, (t,7) derivative

local gauge invariance with respect to the simultaneous local gauge transformations

P, &) — e P Y, D)

(Lo )~ (aen ) - ( kA >,a(t’£)
:4, v

Ay O

(O +ieAn) Y — (9 +ie(Ay — ¢ 9ua)) (eP) = Ou(eY) +ie(Ay — £ Oua) () =
e, +i(B,a)e P — i(B,a)e P + iee' A, p = e (8, + ieA,) P

& | gauge field=electromagnetic field




& results: field equations and Lagrange density of QED

— Dirac equation field equation for electron field v (t, )

(1O — m)p(t, @) = ey Au(L, £)1p (L, T)

interaction term

—  Maxwell equation field equation for the gauge field = electromagnetic field A, (t, %)
O, FHv =2\ _t =\ AV t. %) = p(taf>
I (t,x)—ezp(,a:)*y w(aw)_ S+ 7
j(t, &)
interaction term  charge density p, current density ;

— Lagrange density Lorp = LY A“—ev,b(t Z)vH(t, £)A,(t, &) local interaction

free free

formulation of QED

— Lqep = Loree + ez Qi,b"ﬁ(ta 5)7M¢(ta i)Au(ta )
")

A 4

* L. for all matter fields‘{b with electric charges Q.

— satisfying local gauge invariance w.r.to ¥ — e_iQW‘(t’f)w forally, A, — A,—210,a(t, T)

— quantization of the fields i) and A,




& coupling The gauge principle fixes the form of the electromagnetic interaction completely except for

a constant e , the electromagnetic coupling constant, which is a measure for the interaction strength
and is related to the

fine structure constant
e — 62/(471') experimentally ~ 1/137 < 1

& multiparticle states matterfields 1) — multi-y) and multi-¢ states, for ¢ = e, u, T, quarks
electromagnetic field A, — multi-photon states

&  formal solution of QED  scattering operator S, acting in the space of multi-i», multi-v

and multi-photon states
[t=40c0>=S|t=—c0>

scattering operator

9 2
S:T[1+Z/dtd3$£mt+%(/dtd3$£|nt) ‘|‘]

1

TV Vo
time ordering X e X e

2

& perturbation theory cutting the series off after an appropriate number of terms



the transition probability for any QED reaction between electrically charged
l, q, 1, @ and/or photons can be calculated in perturbation theory. The
contributions may be represented by Feynman diagrams with the basic building

blocks (only electrons (e ™), positrons (e™) and photons () are considered)

& Feynman diagrams

— e* propagator

— photon propagator /AVAVAVAVAVAN
— interaction vertex from L.t

Y Y
+ +
e e
e* e:"
time emission of a photon absorption of a photon
I e+ e+
Y Y
e e
pair annihilation pair production

the same vertex with different orientation of its legs with repect to the time arrow; et — eT ifaline changes its direction

with respect to the time arrow.



O(aem)

O(a?

€em

O(a?

€em



'derivation’ of quantum chromodynamics
(QCD) from the gauge principle

& global symmetry in analogy to QED

electric charge color (charge)

quarks appear in three different colour charges Qred, , @ s Qblue
for each quark flavour ¢ = u, d, ¢, s, t, b

starting point free particles

electrically charged particles coloured quarks
field +(t, ) fields Yrea(t, ), Yoreen(t, £), Yblue(t, Z)

global symmetry with respect to the global transformations, which leave invariant

) @Eredwred + 'QZ (B +@Eblue¢blue

Y — e 1@y Y W; — Z?:l U,,;j ¢j 1, j = red, , blue

one real constant « 3 X 3 complex, unitary, constant matrix U with UU'=UU =1, detU =1



& requirement of local symmetry

GAUGE PRINCIPLE

- invariance with respect to the local transformations

i = > iq Uij(t, &) 9

1, 7 = red, , blue,

with arbitrary functions U,;(t, ¥) of t, ¥ satisfying UUT = UTU = 1, detU = 1.

QED QCD
symmetry group

U(1)em | SU(3). group of special unitary transformations



QED

with

QCD

& The requirement of local symmetry is not fulfilled for free particles — interactions

gauge fields resp. gauge particles

1 electromagnetic field
. V(t, )
T — \b
4.0 = 0z )
photon spin 1, mass 0

photons are electrically
neutral

(3 Xx 3 — 1) gluon fields

GHA(t,T), A=1,...,8

gluons spin 1, mass 0

gluons carry colour: decisive difference

rr r rl:)
r b
br b b b

'minus’ r r -+ +bb

& Local gauge invariance fixes all interactions in Lqcp in terms of a single unknown

coupling constant g. of QCD




& Feynman diagrams

electron

positron

QED

electron

positron

quark
gluon
B 122000
antiquark
i

quark
gluon
SUOSNN N
antiquark
gluon gluon
D —
\"\‘Q(-‘ 0\ —4-—‘-3
XD -~
% =S ~
K g (S

gluon

All couplings are completely determined in terms

of a single unknown parameter, the QCD coupling

constant g.



unified electroweak gauge theory from the gauge principle

& parity violation in weak interactions

experimentally weak interaction processes violate the invariance with respect to

space reflections «© — —x

For each fermion ¢ (t,Z) = (¢Yr(t, %), Yr(t,Z)) with Y (t,Z) — Yr(t, —2) and Yr(t,r) —
Wi (t, —a). Thus parity violation is implemented into the theory by treating differently the left-handed
(11,) and right-handed (7)) components of the lepton and quark fields (see below). Since the handedness
is only Lorentz invariant for massless fermions this implies as a

& starting point: massless leptons and quarks

& global symmetries to be gauged later on

The global symmetry of the system of massless free quarks and leptons is large (symmetry group
U(12)r x U(12)g). In nature only an SU(2) x U(1) subgroup appears to be gauged; the following
selection leads to success



SU (2), weak isospin symmetry group

the left-handed leptons and quarks are arranged in doublets

(), ) (), 06) - (0), (),

| | L (t,7) I3 = +1/2
h described by a doublet of field T
cach described by a coublet of Tields (wﬁc«t,x)) I =—-1/2

(u.c. for upper component, l.c. for lower component) with assigned quantum numbers 3. The two
quantum numbers I3 = :I:% play the role of generalized charges, in analogy to the three colours in QCD

invariance with respect to the global SU (2) transformations which leave invariant

7L L 7L L . L 2 L.
u.c. Yu.c. =+ wl,c,wl,c,' wz — ijl U’Lj wj , 1, = u.cC., l.C.
with UUT = UTU = 1, detU = 1 for the 2 X 2 complex matrix U

Right-handed leptons and quarks

er, WR, TR, WR, dR, CR, SR, tr, bR are assigned zero weak isospin, I3 = 0

(Vers Vups Vrr do not exist in the SM)



U(1)y hypercharge symmetry group

Each |.-h. lepton and quark doublet and each r.-h. lepton and quark is assigned a so-called

hypercharge quantum number Y with

Q=1I1+Y/2

where Q is the electric charge

invariance with respect to the global U(1)y
transformations which leave 1) invariant, i.e.

h(t, @) — e’ > v y(t, T)

¢ Qw [Sw Yw
Ve 14 Vr 0 +1/2
<€>L(:>L(T>L (_1 _1/2> N
U C t 2/3 +1/2
<d>L(S>L<b>L —1/3 _1/2> 3
€R; UR, TR -1 0 -2
UR, CR, IR 2/3 0 4/3
dr, Sr, br -1/3 0 -2/3




— global SU(2)r xU(l)y and U(1)ey symmetries

Because of Q = I3+ Y/2, i.e. e "@f3w gmia¥y/2 — o—ialy

U(1)em is subgroup: SU(2)r x U(1l)y DO U(1)em

& requirement of local symmetry

GAUGE PRINCIPLE

- invariance with respect to local SU(2)r x U(1)y transformations —

unified electroweak gauge interactions O QED




& 2 undetermined gauge couplings SU2), xU(1)y DU(1)em

with e = gsinfy = ¢’ cos Oy, Oy =Weinberg angle

2 parameters not fixed by the gauge principle
g, ¢ <+—— e, sinfOw

& gauge fields resp. gauge bosons SU2), x Uy DO U(l)em
3 | 1
W22t &) Bu(t, @) ALt T)
let = % (Wj + ZWi) (with electric charge 41)

gauge bosons W=, Z, ~

A, = sin QWWEL’ + cos by B,, = electromagnetic field | |
with spin 1, mass 0 (so far)
Z,, = Cos GWWIL?—Sin 0w B,, = orthogonal field combination



& interaction vertices of the electroweak gauge theory

all couplings are determined in terms of the two parameters e, sin Oy

Wy \ W ( e 7))

v ~o () () () ()
— qj ,7_2- ) dL ’ 51 ’ bL
c. "

' a) b) b) = Ve, Vy, Vry €, 4, T, U, d, C,
Wt w v, , t, b; no coupling of v v to ~
Z,Y c) three gauge boson vertices
d) four gauge boson vertices
ViVo=W W™, Z2Z, Z~, v~
A w V2



spontaneous symmetry breakdown

& aim masses

— for the gauge bosons W*, Z  (experimentally my = 80 GeV, myz ~ 91 GeV)
— for the quarks and charged leptons
without explicitly breaking the local SU2;, x U(1)y gauge symmetry

("explicit’ — on the level of the forces, i.e. of the Lagrange density)

& characteristics of spontaneous symmetry breakdown [SSB]

— symmetry is unbroken on the level of the forces

— groundstate breaks the symmetry

SSB appears in (classical and quantum) systems with infinitely many degrees of freedom



& classical example

— elastic rod, length [, radius r, Young elasticity modul E

— force F' in direction of the rod axis

— cylindrical symmetry with respect to the rod axis

3
o

— critical value of the force Fuii = “45—F

=
Y

F < Fcrit F > Fcrit



.S58 inscalarfeld theory with global U/(1) symmetry

a complex scalar (spin 0) field ®(¢,Z) = %) p(t, L) i.e. two real scalar fields &, p

2 A
L = 10,8100 — (=010 + 20001 D)

-~

2
potential V(@) = V(p) = &£-p° + 2p*, A > 0

global U (1) symmetry w.r. to ®(¢,%) — e'* ®(t, ¥)

o = arbitrary constant




— ground state 8?—/(0’)) =0 «—— pp+rp?=0

A V(p) .
Mminimum at
p(t,Z) =0
2
pe >0 no SSB
P
A V(p) .
Mminimum at
p(t,T) = xv
pn* <0 :
W
P SSB
VvV

expectation value of the field p in the ground state |0> <0 p(t,7) | 0> =v # 0

field shift p(t,%) = v +n(t, %), <0 |n(t,¥) | 0> =0



L

SSB in scalar field theory with local U(1) gauge symmetry
Higgs mechanism

local gauge symmetry on the level of the Lagrange density
A
L= %(DM@)T DrO — V(D) + L L where A, (¢, Z) is the U(1) gauge field

. . and g the U(1) gauge couplin
D, = 8,+ig A,(t, %) g (1) gauge coupling

local U (1) gauge symmetry with respect to
®(t,7) — e %) (¢, F)

a(t, &) = arbitrary function of (%, X)

Higgs mechanism 1?2 <0, ie SSB: ®(t, ) = T (v 4 n(t, T))
special gauge transformation to unitary gauge %(DMCI))TDMCID in L contains

1 .1
a(t,@) = —£(t, &) — Ot %) — (w+n(t,T)) 5(vg)? Ay Al = 5m7 Ay AV




the ¢-field is 'eaten’ by A, the gauge field A, aquires a mass m4 = gv

balance of number of fields

before field shift after field shift, in unitary gauge
A,, spinl mass=0 2 | A,, spin 1, mass # 0 3
£, M 2| m 1

— the physical Higgs field n(t,Z) with spin 0 and mass mpy = /2 | |

& SSB in the Standard Model

— | Higgs sector 4 scalar fields (= 1 complex SU(2), doublet field with hypercharge Y = +1)

— local SU(2)r, x U(1)y gauge invariance in L

x including the Higgs sector
x including gauge invariant Yukawa couplings of |.h. and r.h. lepton and quark fields
to the Higgs doublet field



— additional parameters

x+ pn?, X in V(scalar fields), SSB for u? <0 +—

_ ] wl?
v =1\/"5",

mpg

V2 | ]

* G, a Yukawa coupling for each quark and charged lepton

— spontaneous symmetry breakdown

is arranged such that

SU(Z)L X U(l)y

spontaneously broken to

—

U(1)em

— Higgsmechanism — massive gauge fields W=, Z

3 of the 4 scalar fields are eaten by the W+, Z gauge fields —

__gv .
mW:t — "9 myz =
M~y = 0O remains

Moy +

cos Oy




masses for quarks and charged leptons from the Yukawa couplings

MMy = % G, for 1) = quarks and charged leptons

one physical Higgs boson  spin 0, mz = /2 |11

additional interactions

x Higgs boson selfinteractions
« gauge interactions of Higgs bosons with gauge bosons W=+, Z
x Yukawa interactions of Higgs bosons with quarks and leptons

additional parameters

4 parameters for quark mass mixing
—s violation of invariance under time reversal t — —t



summary on the gauge theory of the Standard Model

the Standard Model is a local gauge theory with gauge group
SU(3)e x SU(2)L xU(1)y

and spontaneous symmetry breakdown

spontaneously broken to
—

SU(2)L xU(1)y U(1)em

All gauge interactions are fixed by the gauge principle in terms of the three parameters

e g., the gauge coupling of the SU(3). colour gauge interactions
e ¢, the gauge coupling of the U(1).n electromagnetic gauge interactions

e sin By, relating e by e = gsinfy and e = ¢’ cos Oy to the gauge couplings g and ¢’
of the SU(2);, x U(1)y unified electroweak gauge interactions



 quantum effects and precson tests n QED

- _ from quantum hall effect ., = 1/137.03599911(46)
— _ magnetic moment of the electron

the electron has spin = intrinsic angular momentum (= 1A) and electric charge (-1)

2
— it has a magnetic moment
tte = (1 +ac)up  pnp=Bohr magneton

2002 G o, = 0.0011596521859(38) Qe theo = 3557 + Ca(%)" + Cs(%m)
—|—C4(%)4 + ...

Csy, C3, C4 calculated in QED with

m.—0.510098918(44) MeV —

— a second determination of
ey = 1/137.0359988(5)

of equal precision and in perfect agreement



— precision test magnetic moment of the muon

2004 and 2006: @y, . = 0.00116592080(63)

with Qem and m. — m,=105.6583692(94) MeV up to O((a2)) as well as including weak and
hadronic quantum corrections!

2005 and 2006: @, , = 0.00116591805(56)

Aa,=ay . — auy, = (27.5 1+ 8.4) x 1071

theor

2007: better agreement in a, ., among the different groups due to new data from KLEO for a, had

= (28 + 8) x 10710

A a, = a, exp @y theor

deviation of 3.3¢0

signal for new physics beyond the standard model? (supersymmetry?)
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HMNT 03 (e*e -based)
176.3+7.4

J 03 (e"e -based)
179.4+9.3 (preliminary)

TY 04 (e*e -based)
180.6+5.9 (preliminary) 0

DEHZ ICHEP 2006 (e"e -based)
180.5+5.6 (preliminary) —e—

BNL-E821 04
208+5.8 F

L1 ‘ I ‘ I ‘ I | ‘ I ‘ I N | ‘ I ‘ | i l L

140 150 160 170 180 190 200 210
a,—11659000 (107°)

The difference between experiment and theory is 3.30!

S.Eidelman, BINP p.21/24



New KLOE results presented at EPS'07:

Summary of the small angle results:

T - — ™ ™ ™ T - r[',

KLOE 2001 published result: o
388.7:0.8g74714. Oy pr—p—

KLOE 2001 updated:

—a—
m"—‘c“sllli‘"‘"f

KLOE 2002 prelim.:

386,306,373 Oy vmr —a—

355 360 365 370 375 380 385 390 395 400
a,+(0.35-0.95 GeV’) (10"")

Sven Heinemeyer, Lepton Photon 2007, Daegu, 08/13/2007 14

new SM evaluations, based on new exp data for aﬂad :

[HMNT "06] 28(8)
[DEHZ '06] 28(8)
[Fuy r07] 29(9)
[MRR "07] 29(9)

au(Exp-SM) = x 10710

better agreement between evaluations, more precise,
larger deviation from exp than ever before

4
30 deviation has now been definitely established

Sven Heinemeyer, Lepton Photon 2007, Daegu, 08/13/2007 15



running couplings in QED and QCD —
confinement and asymptotic freedom

L

— | QED for simplicity for electrons only

evaluation of an important class of diagrams to all orders in perturbation theory of QED leads to

running coupling of QED
CVem(Q(Q))

Oéem(czz) —
aem(QO)
1— log Qo

+ . v/ @2 = momentum transfer

uncertainty principle:
\/@ Ax 2> h

Otem (0) = 1/137.03599911(46)

increasing distance Ax 7, i.e. Q2 \: 0em(Q?) \,
screening of electric charge




QCD

gluon gluon

al
al

gluon

q q
gluon gluon

gluon

valid for as <K 1
running coupling of QCD

2
; QZ — aS(QO)
as(Q7) 1+(11—3 )as(QO)

n, < 16

2
lOg Q2

of the gauge principle!

m@m&mm@zm

antiscreening screening

1y = number of quark flavours, 11 —

evaluation of the corresponding class of diagrams to all orders in perturbation theory
of QCD - provided ay = g*/(4m) < 1 — leads to

>0(as)

nq > 0 for

the antiscreening is the consequence of the gluon
selfinteraction, which in turn is the consequence



O‘S(Q%)

1‘|‘(11_%n )aS(QO) log Q2

O‘S(Qz) —

increasing distance Ax 7, i.e. Q2 \: as(Q?)

antiscreening of colour
— suggests confinement

decreasing distance Az, i.e. Q27" as(Q?)\,0

— asymptotic freedom (no interaction for Q* — o0)




- [quslitstive discusson
e
®

@

T @
_ @ +
© O

Q]

the qq pairs effect screenin
the +- pairs effect g P _ _ _ &
the gg pairs antiscreening

screening antiscreening



2006: running aem(@?) — on the right in a plot 1/, (Q?) — versus Q2 from LEP

vee couplings: ogy at LEP

* Running of ag,, measured at

Jal’)
LEP
« Bhabha scattering at low
angle dominated by t- )
e MO e
Jal*)

— g2 measured by scattering

angle
OPAL —
= 1007 Fror T T T T T T T T T T T ee—ee L3
%1 1006 |- OPAL fit 1 1/0=constant=137.04
E‘ 1005 7 Theoretical predictions j 135 L
; 1.004 |- .
2 1.003;— ] E
3 1o, b E + 130 |
1.001 [ 4
1 B
i O ® 2.10GeV?<-Q°<6.25GeV?
0.999 [ B 2 2 2
[ 125 |+ 0O W 12.25GeV” < -Q° < 3434GeV
0.998 [ ] ] 1800GeV? <-Q” < 21600GeV>
0.997 . o Q‘E‘D‘w o
0.996 |- { 2 3 4
E ‘ ‘ ‘ ‘ ‘ ‘ ‘ e 1 10 10 10 10
0995 T b b b 2 5
15 2 25 3 35 4 45 5 55 6 ) -Q% (GeV?)
-t (GeV?)
Eur. Phys. J. C.45 (2006) 1 PhyS. Lett. B623 (2005) 25

8/1/2006 Darien Wood, ICHEP'06, "Electroweak Physics" 8



Bethke 2006:

world average
OéS(Mz) —
0.1189 4 0.0010

Table 1: World summary of measurements of ay (status of April 2006): DIS = deep inelastic scattering;

GLS-SR = Gross-Llewellyn-Smith sum rule;
leading order perturbation theory;

Bj-SR = Bjorken sum rule;

LGT = lattice gauge theory; resum.

updated entries since the review of 2004 [69] are underlined.

(N)NLO = (next-to-)next-to-

= resummed NLO. New ar

9) Acrs(Myp)
Process [GeV] () s Mzo) exp. theor. | Theory | refs.
DIS [pol. SF| 0.7 -8 0113 T 00 | 0.004 308 | NLO | [76)
DIS [Bj-SR] 1.58 0.375 T 0002 0121t gggg g NNLO | [77
DIS [GLS-SR] 1.73 0,280 * Do 0.112°% g0 toeee  0.005 | NNLO | [78]
7-decays 1.78 0.345 £ 0.010 | 0.1215 £0.0012 | 0.0004 0.0011 | NNLO [70]
DIS [v; xF3)] 2.8 - 11 0.119 * 5008 0.005 5003 | NNLO | [79]
DIS [e/p; Fal 2-15 0.1166 +£0.0022 | 0.0009  0.0020 | NNLO | [80, 81]
DIS [e-p — Jets 6 - 100 0.1186 +0.0051 | 0.0011  0.0050 | NLO [67]
T decays 4.75 0.217 £ 0.021 0.118 + 0.006 - NNLO [82]
QQ states 7.5 0.1886 £ 0.0032 | 0.1170 £0.0012 | 0.0000 0.0012 | LGT [73]
- [F3] 1.4-28 Qd1og e | gposg 0N | NE@ [83]
te [Ohad] 10.52 0.20 £0.06 pageL e t00l 0.002 | NNLO | [84]
ete™ [jets & shps| 14.0 850 B o0 hhl 0.002 Hoooe | resum [85]
+e_ [jets & shps]| 22.0 0,151 £ 218 0.1+ g 0.003 10009 | resum [85]
e [jets & shps| | 35.0 § 3 U 0.122+ A08 0.002  *P0% | resum | [85]
ete” [ohad) 42.4 0.144 4+ 0.029 0.126 +0.022 0.022 0.002 [ NNLO | [86, 32]
ete” [jets & shps] | 44.0 (3G Tl i PR 0.003  TH00 | resum | [85]
ete” [jets & shps] 58.0 0.132+0.008 | 0.123 £0.007 0.003  0.007 | resum [87]
pp — bbX 20.0 0145 G0 0.113+0011 | tRT Q2| NLO [88]
PP, pp — X 24.3 DgE T Do 1 | s 0.004 T3 | NLO [89]
fr(pf) — jets) 40 - 250 0.11840.012 | * 3% 000 | NLO [90]
~ I(Z — had) 91.2 0.12267 39038 | 0.1226% 39058 | £0.0038 1300% | NNLO | [01]
e"’r ~ 4-jet rate 01.2 0.1176 + 0.0022 | 0.1176 £ 0.0022 | 0.0010  0.0020 | NLO [92]
~ [jets & shps] 91.2 0.121 £+ 0.006 0.121 + 0.006 0.001 0.006 | resum [32]
e"'e' [jet.s & shps] 133 0.113+0.008 | 0.120 +£0.007 0.003  0.006 | resum [32]
te~ [jets & shps| 161 0.109+ 0.007 | 0.118 £0.008 0.005  0.006 | resum [32]
ete™ [jets & shps| 172 0.104 & 0.007 0.114 + 0.008 0.005 0.006 | resum [32]
ete™ [jets & shps| 183 0.109 £ 0.005 0.121 + 0.006 0.002 0.005 | resum [32]
ete [jets & shps| 189 0.109+0.004 | 0.121 £+0.005 0.001  0.005 | resum [32]
ete™ [jets & shps] 195 0.109 + 0.005 0.122 £ 0.006 0.001 0.006 | resum [81]
ete™ [jets & shps] 201 0.110 £+ 0.005 0.124 £ 0.006 0.002 0.006 | resum [81]
ete™ [jets & shps] 206 0.110 £+ 0.005 0.124 £ 0.006 0.001 0.006 | resum [81]
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Bethke 2006:
- HERA

< 0.29

« ZEUS (a)°
= H1 -

0.2

0.15

| == QCD
0.1 - ot (M,) = 0.118 + 0.003 u

1 I 1 1 L 'l L 1 1 1 i
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& test of asymptotic freedom and of three colours process of interest:

ete” — all hadronic final states at small distances, i.e. at large Q? (m? < Q? < m2)
parton model = "zeroth order’ QCD, asymptotic freedom approximated by cx; = 0: no colour
interaction between the q and g, i.e. no exchange or radiation of gluons, etc.

2
all quarks g
+ - 2
R _ Zall hadronic final states ’6 € — hadrons| _
ete™ ™ +o— + - |2 -
ete”™ — ptu—| 2
> probability that the qq final state turns
at large distances into some hadronic final state
= 1 due to confinement
- Q2_3 Q2_3<é _|_l _|_l 4 _|_l)_E_367
- Zall quarks q ¥q — TZ:q:u,d,s,c,b q 9 9 9 9 9/ 3 e
u d S C b
colour



Rtot

T T—T T T T T ﬁr—t T T ] T T T T ‘ 1 I T fl T 1 T T ] T T T 1 r L] T T T
pwp TPy YTy « ORSAY o CELLO 4
8 Fq s FRASCATI 1 JADE
o NOVOSIBIRSK + MARK T
L x SLAC-LBL v PLUTO .
o DASP a TASSO
CLEO
1 i ~ DHAM .
; !
F* ;10 W 4 g #é % }g\# ﬂ % % é*}
- +1 . -1
¢ + E: { % # # %; J%" t ﬁ L rT( #‘l T l { T* ? #
- +ﬁ mﬂ? \ ; " |
2?’”*‘* Rg =373 Qf =3
J u,d, s.c.b
)’ =
) 1 [ I SN N SR S TN VAN WA UU TN N SN SN N SO N M | T S TN T A I I
0o 5 10 15 20 25 30 35 40
s [GeV)
sensitive to

— asymptotic freedom

— number of colours
— electric charges of the quarks



deep inelastic scattering and proton structure

: . HERA!
& functions as test of perturbative QCD
+ + 1./
e*, k, e ’ku
—  process
eTp — eT all hadronic final states (X) T A
at small distances, i.e. at large Q? P, D
X
— two variables
x| Q% |=—¢% = — (momentum transfer)® carried by the photon
2/(

Q

the resolution increases with which the photon probes the (electrically charged) constituents of
the proton, i.e. the quarks

. s (Q?%) ™\, which allows to treat the interactions between the quarks and gluons in the proton

within the framework of QCD perturbation theory

2
x |  |= % — fraction of the proton momentum carried by the quark interacting with the photon

(0<z<1)



= probability to find the quark g; in the proton

with proton momentum fraction x, probed by

— quark distribution functions (x, Q7
q qz( @ ) the photon carrying Q2.

—  parton model = 'zeroth” order QCD asymptotic freedom approximated by «, = 0

— q;(z,Q?%) = q;(z), Q?independence —  scaling

— first order QCD DGLAP equations (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi )

coupled integro-differential equations for the quark distribution functions q,,;(a:, Qz) and the gluon
distribution function g(x, Q?)

9q; (1, Q° s (Q° d
Q° qéQz ) - ¢ ;W ) 1%(%(97@2)})@(;)+9(y>Q2)qu(§)) the splitting functions
P are known from QCD
209(1, Q%) as(Q7) [1dy P )
Q ~a02 o ?(ZZ i (y, @ )qu(g) +9(y, Q@ )ng(z))

Pq(2) Pg(2) Pq(2) Pg(2)

q g q g prediction of scaling violation
as function of Q?




F,(x,Q% + c(x)
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& quantum effects in electroweak interactions

— indirect determination of my through its effect in loops at LEP and SLD, eg.

W+vvvv<>vvvv w assumption: no effects from new physics

; beyond the Standard Model

— comparison with direct measurement of m;y at Tevatron (DO and CDF) 2006

Top-Quark Mass [GeV]

CDF o 170.3+2.3
D& T 1742+ 3.4
Average © 171.4+£2.1 Lepton Photon 2007:

?/DoF: 10.6/ 10

* my = 170.9 £ 1.8 GeV from Tevatron
LEP1/SLD e 1726 7 1>°

11.8
LEP1/SLD/m,/T,,  —=—— 177.6% ¢
140 160 180 200

m, [GeV]



indirect determination of myg, status 2007

lower bound on Higgs mass mp > 114.4, resp. 117 GeV
at 95% CL from LEP resp. Tevatron (ongoing search up to 200 GeV)

+33

94 GeV

global fit for the Higgs mass myy = 76
upper bound at 95% CL on Higgs mass

mpg < 144 GeV ignoring the direct lower bound of 114.4 GeV

mpg < 182 GeV including the direct lower bound of 114.4 GeV

A light Higgs around the corner?



Lepton Photon 2007

. (5) _ .
5 - T A0y = : Ry Rt
L4 — 0.0275810.00035 [ : AY; -
T 0.02749+0.00012 [ { 1 =0
4-{T\: 2 - incl. low Q° data - Ro

A (SLD)
sin?e!SP(Q;,)

*

— m,,,
) R
Q. (Cs)
sin®egys(e e)
| sin®e,,(vN)
. . 2

Preliminary 9L (V)

T gr(VN) *preliminary

10

M, [GeV]



Lepton Photon 2007: next to leading order variant of sin® Oy

0,

Aq ——] 0.23099 + 0.00053
A(P.) . 0.23159 + 0.00041
0
Ay —v— 0.23221 + 0.00029
Ay * 0.23220 + 0.00081
e ¥ 0.2324 +0.0012
Average - 0.23153 £ 0.00016
103 %°/d.0.f.:11.8/5
>
)
S
I
€ 102 Aal® = 0.02758 + 0.00035
] mEms 178.0 £ 4.3 GeV

|
0.234




Lepton Photon 2007: precision experiment: total Z width I';

Total Z Width
Experiment I, [MeV]

ALEPH - 2495.9 + 4.3
DELPHI —e— i 2487.6 + 4.1
L3 b —e— 2502.5 + 4.1
OPAL P 2494.7 + 4.1
1
; x®/dof = 7.3/3
LEP - @— 2495.2 + 2.3
1
common error . 1.2
1
10 3—_ :
: 1
1
1
1
=
3 .2
= 10 o
- ]
= ag = 0.118+0.003
linearly added to
M, = 178.0+4.3 GeV
10 : :
2.483 2.495 2.507

I, [GeV]



5. Physics beyond the Standard Model

& open questions in the Standard Model

— ’periodic system’ of elementary particles

A electric charge

x more than 3 generations?
colour

no, if they have neutrinos
lighter than m /2

H x if 3 generations, why 37

generation




— unknown parameters

A mass [GeV]

10>
10" t
10"
10° T b C
10" ] u )
1072 ] TJ
10° ] d u
10 ] Vu J] e
10° 7
10° 7
10" ]
10°
Ve J]
Qp = 0 -1 -1/3 2/3

x why is m; < mo < m3? (1,2,3 denote generation indices)

*x why is ms > m_i > m_q1 > my for each generation except for m, < my

(the indices denote the electric charge)



— further questions

x where is the Higgs Boson?

x why three gauge forces
(— three undetermined gauge couplings)?
why the gauge groups SU(3). x SU(2), x U(1)y ?

x origin of parity violation?

— expectation

answers to these questions from measurements at smaller distances, i.e. at higher
momenta.

& experimental signatures for neutrino masses

Experimental signatures suggesting neutrino masses, neutrino mass mixing, neutrino
oscillations.

This issue leads beyond the SM; it is discussed in a separate DESY summerschool lecture.



& substructure

a0 Hicos boson are composite partic-
: ‘B 55 les, built from smaller
— hypothesis @ >  leptons and quarks :
So | i common constituents
o5+ (W=, Z bosons))
Ec = preons

— Standard Model charges electroweak and colour forces remain gauge forces

if preons carry appropriate electroweak and colour charges

— model building
atoms are electrically neutral, but bound

states of the electrically charged electrons and
remember: nucleus

protons and all hadrons are colour neutral,
but bound states of coloured quarks

— basic assumptions

x preons carry hypercolour, a new conserved quantum number —

bound states of preons (among them quarks and leptons) are hypercolour neutral

x there exists a local hypercolour gauge theory leading to confinement of preons in
their bound states



— basic question and constraint

+ radius of quarks and leptons < 107'® cm — expected from uncertainty principle

mass of bound states of preons > (200 GeV)

x theory has to provide a natural explanation, why the composite quarks and leptons
are so light in comparison to this scale —

chiral symmetry, a strong constraint on model building

— prediction of new exotic particles

suitable combinations of preons lead to the bound state quarks and leptons etc.

depending on the specific model, further allowed bound states of preons lead to the

prediction of new particles
with exotic electroweak and colour charges and
masses 2> 0O(200 GeV)




lepton

leptoquark
a(gy) |
proton { a-jet _
(uud) } anything
+
e- lepton
leptogluon
glu(o\'}\f\ﬁ gluon jet
proton .
(uud) { } anything

# Additonal gauge groups.

SU3). x SU(2)L xU(1)y x U(1) simplest example

\

~~

standard model SSB of U(1) — massive Z' gauge boson



— a left-right symmetric gauge theory above p >myy,: parity conserving theory

SU(3)C X SU(Z)L X§U(2)R X Uv(l)B_[j

N~

SSB to U(1)y —massive Wg, Zr gauge bosons

& grand unification of the electroweak and colour forces

— assume the “grand desert”, i.e. no new physics for
107%cm > distanced > 1072 cm,
I.e. according to the uncertainty principle for

10°GeV < momentum p < 10'° GeV

— extrapolation of the running couplings to higher momenta p from experimentally
determined initial values at p = mz

as(p) = ge/Am, ai(p) = (5/3) g% /4w, as(p) = g°/4m,



unification of gauge couplings

as(p) = ai(p) = ax(p)

at p ~ 10" GeV (i.e. d ~ 10~2% cm) with slight mismatch

0.127
3 0.1} A s
g 0.08|
20
g 0.06¢
pr—]
Q. I
5 o2
e i
0.02+
o]
0 2 4 6 8 10 12 14 16

log p

one single fundamental force, unifying
unification of gauge forces suggesting the electroweak and colour forces in
terms of a single (undetermined) coupling




— model scenario

x single fundamental force = gauge force

* gauge group contains SU(3). x SU(2)r x U(1)y  smallest group: SU(5)
number of gauge bosons: 5 x 5 — 1 = 24, among them 8 gluons, 3 W=+, Z, 1 ~.

— 12 of the 24 SU(5) gauge bosons have to be heavy

* via spontaneous symmetry breakdown SU(5) — SU(3). x SU((2)r x U(1)y

at p =~ 10" GeV — Mgauge boson = 10 GeV

x heavy gauge bosons mediate proton decay, e.g. p — et problem!

predicted lifetime 7, ~ 10°' years, experiment for p — et7%: 7, > 1.6 - 10°°
years.

x possible solution: grand unification with supersymmetry



& unification with gravity?

— gravitational forces are described by general relativity (classical theory)

— gravitational forces become of comparable size as electroweak and color forces at the

Planck scale p ~ 10 GeV = d~ 10733 cm

— problem: NO renormalizeable quantum field theory

— substantial amelioration by | supersymmetry | an extended space-time symmetry

each standard model particle has a
supersymmetric partner

B leading to particle m_ultiplets | leptons — sleptons  (spin 0)
(fermion,boson) with A spin = 2 quarks — squarks  (spin 0)
gauge bosons — gauginos (spin 1/2)
Higgs boson  — higgsino  (spin 1/2)




— — supergravity
— superstring theory (mainly relevant for p > 10!Y GeV)

+ elementary fields — strings with length 107°% ecm

x leptons, quarks, gauge bosons, Higgs boson are lowest string excitations

& grand unification with supersymmetry

— Implement

supersymmetry into the Standard Model

— minimal supersymmetric Standard Model

— Improved renormalizeability properties

— soft supersymmetry breaking (necessary since mparticle 7 Msparticle)
at scale Mgirsy ~ 200-1000 GeV —

Meparticles ~ 200-1000 GeV




— grand unification in the supersymmetric framework (e.g. with SU(5) unifying gauge group)

unification of gauge couplings at p ~ 2 - 10'° GeV

0.127

0.1}
S Qg
8 0.08}
%0 I
5 ooy (marginally) no problem with
? 00] o9 proton decay
e I

0.02—+

aq
0 2 4 6 8 10 12 14 16

log p

The unifying theory implies violation of baryon number and of time reversal invariance
which — together with thermal inequilibrium — allows to explain

the baryon asymmetry of the universe

— of interest for the cosmolgy of the early universe
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& Extra dimensions

— Theoretical developments based on the idea that there are extra dimensions in addition
to the 4 space-time dimensions.

— ldea with the most immediate implications for future experiments:

while the Standard Model gauge interactions “live” in our habitual four dimensions,
gravitational forces act in a higher dimensional space with the result that gravitational
forces become comparable in strength to the Standard Model gauge forces at a mo-
mentum scale as low as

1~ 1000 GeV.

— Grand unification as discussed above has then to be reconsidered under the new
circumstances; it is not straightforwardly recovered.

& Noncommutative Geometry

Noncommuting space-time coordinates are assumed. Effects can be looked for at future
Accelerators.



