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”I have nothing to offer but blood, toil, tears and sweat.”
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From Lagrangians to Feynman
Rules: Quantum Field Theory with
Hammer and Anvil
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Why Quantum Field Theory?

e Subatomic realm: typical energies and length scales are of order
(hic) ~ 200MeV - fm = use of both special relativity and quantum
mechanics mandatory

e Particles (quantum states) are created and destroyed, hence particle
number not constant: beyond unitary time evolution of a single QM
system

e Schrédinger propagator (time-evolution operator) violates
microcausality

e Scattering on a potential well for relativistic wave equation leads to
unitarity violation

e Use quantized fields: can be viewed as continuos limit of QM
many-body system with many (discrete) degrees of freedom

e Least Action Principle leads to classical equations of motion
(Euler-Lagrange equations)

- /dtL = /dtd3az£ = /d4x£(¢,aﬂ¢) = |0, (a(g£¢)> - %
i
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What kind of fields?

o Classical wave equations must be Lorentz-covariant

e Action and Lagrangian (density) are Lorentz scalars

Fields classified according to irreps of Lorentz group

Simplest case: Lorentz scalars (real/complex), Klein-Gordon equation

L= (9,0 (0"¢)—m?|¢]> = |[([O+m>)p=(0?-V>+mp=0

Spin 1/2 particles: Dirac equation

L=i0(id+m)¥ =|(id—m)¥ =0 where ¢ = a, 7"

w=(0 7)) e =8) o =(1,-8) (4"} =21
5_# 0 ) ) )

75 = ir%4192+3 is the chiral projector: Pr/r = L(1 F+°)
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The Dawn of gauge theories

e Spin 1 particles: Maxwell’s equations
L= —%FH,,FW with F,, = 90,4, — 0, A, =
Invariant under (local) gauge transformation, G:
A, — A, = - é(aﬂc:)c:—1
Electric and magnetic fields are defined via:

A4,
VxA

oS
I

‘ 0" =0 —

&
Il

0=D,FM =VE
0= D,Ft = —F' + (V x B’
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The Dawn of gauge theories

e Spin 1 particles: Maxwell’s equations
1 .
L= —ZFH,,FW with F,, =0,A, — 0, A, +g[AL A =
Invariant under (local) gauge transformation, G:
/ 1 1
A, — A, =GAG T — 5(8MG)G

Electric and magnetic fields are defined via:

o5
I

A V40— g[A0 A
VA~ :2’) Vgx[‘ﬁ } ‘aﬂFW =i [A%“FW]‘ -

OZDMFHO VE—‘,—Q{ } |
{ OZD;,,FM: (ﬁ B*) [Ao,Ei]+g{/_l‘x7B’r

ae]
Il
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..for the curious...
e Spin 3/2 particles: Rarita-Schwinger equation

1 — 1 —
L= 56“"”"\1/”75%8,3\111, — Zm\I/H [+*,7"]%, =

m(PyVv, —v'Pv,) =

YW, =0 o'V, =0 (i —m)¥, =0

Leads only to sensible theory in supergravity

e Spin 2 particles: de Donder equation

4G . y
L=— C4N\/|detg|R with R=R" ", and

A A
Ry, =0, —0,I",, + Fp;MF vo — 7T o

opy

e, = %g”” (Ougvo — OvGuo — Opgur) define g, = 1+ 167Gy hyy

O (h;w ) = 0,0° ( %npyh”,,)

277;w +(p < v)
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How to quantize a field (Analogous to QM)

o Field and its canonically conjugate momentum: = = 9£/d¢
Canonically transform to the Hamiltonian of the system:

L o\2
H=r——-L =it 4+ 1 (Vo) +im?e?
99 lg=d(s.m ( )

Impose equal-time commutation relations:

[0(7), 7(7)] = i6°(F =7 [6(&), (F)] = [7(2),7(H)] =0

Creation and annihilation operators to diagonalize the Hamiltonian:

lay.al,] = 2B,27)**(F—§')  lap.ap] =0

Heisenberg/interaction picture: (field) operators time dependent
Creation/annihilation operators Fourier coefficients of field operators:
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Hamiltonian is a sum of harmonic oscillators:
d3p
H = /(ZT)?’EP (a;gap + const.)

Infinite constant is abandoned by normal ordering renormalization

d3p
:H::/(QW)SEp:aLap: Note: (0]: ©:]0) =0

Creation operator creates a 1-particle state with well-defined
momentum (plane wave): a} |0) = [p)

Field operator creates a 1-particle state at z: ¢(z) |0) = fﬁ;e“ﬂ’“ Ip)
Consider a complex field:

P(z) = /Zi% (ake—ik"” + bLeJrik'”) , ol (z) = /Zl\lé (bke_“”C + a}te“k"”)

Field operator: positve frequency modes (e~****) have annihilation
operator for particles, negative frequency modes (e****) have
creation operator for anti-particles

a, b are independent, commute (independent Fourier components!)

o Got rid of negative energies as in classical wave eg_uations .
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Microcausality and the Feynman propagator
e Amplitude for a particle to propagate from y to x:

4 T J| - —
D(x —y) = (0]¢(z)p(y)|0) = / (;iTZ)Z e~ ip(z—y) |7—5] o0 -l

falls off exponentially outside light cone, but is non-zero
e Measurement is determined through the commutator:

[0(2), ¢(y)] = D(x —y) = D(y —2) =0 (for (z —y)* <0)

e Cancellation of causality-violating effects by Feynman prescription:

» Particles propagated into the future (retarded)
» Antiparticles propagated into the past (advanced)

T — 20 0
DU Y b =0 =) Do

+0(y” = %) (0| ¢(y)$(x)]0) = (0| T [¢(=)¢(y)]]0)

e Feynman propagator (time-ordered product, causal Green’s function)
d4p i x pr— Y

D — = —ip(z—y) — — — — — — — — .
r(@—y) /@ww—W+ﬁ

Dp(z—y) = {
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i€ prescription
e Solution of wave equation by Fourier transform:

@O+ m)oe) = idt@—y) 5
- i )
o(p) = =
W= S0 -B @15 )
with E, = ++/p2% + m? 4
o Prescription tells you 4ip0a0
where to propagate in time: neg. frequ.: €™
—FEp + e
VEp — i
pos. frequ.: e_ipoxo
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i€ prescription
e Solution of wave equation by Fourier transform:

O+m)g(a) = id*a—y) =5
- i )
o) = p2 —m2+ic  (pO—FE, + ic)(pO+E, — ie)
with E, = +/p2 + m? P
/l, \\‘
e Prescription tells you / T ip0a0 Y
where to propagate in time: / neg. frequ.: €™ \
! \
| —Ep +ie \
] R _ '
- ¥
+FEp — i€
pos. frequ.: e_ipoxo
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e Solution of wave equation by Fourier transform:

@O+ m?)p(x) =
#(p) =

with E, = +./p? + m?

e Prescription tells you

where to propagate in time:

F.T.
—

7

p2 — m2+ie

~ (0O, + i) "+ E, — ie)

A

0.0
neg. frequ.: et
—FEp + e
;’ .
i .
+Ep —ie 1
- 0,0
e~
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Quantization of the Dirac field

e Spin-statistics theorem (Fierz/Liders/Pauli, 1939/40):

» Spin 0 1 2,...: bosons = commutators
» Spin 1, 3,...: fermions = anticommutators

e equal-time anticommutators: {t(z)a, ¥ (y)s} = 6'F — §)das
e Field operators:

P(x) = /E];Z (G;zﬁ(p)efipx +b;Tvs(p)e+ipz)
P(z) = /de( s ( +ipz+bzis(p)e—ipz)

e Feynman propagator (time-ordered product, causal Green’s function)

(z)( for 20 > o0 _
Seteg) = {_ QIOPWI0 00> 0L ol i) o)

d'p i(p+m) e v
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The rocky road from the S matrix to cross sections

e 4D QFTs without interactions exactly solvable, otherwise not

» Asymptotically free quantum state for t — —oco
» Interaction described completely local in space-time
» Asymptotically free quantum state for t — +oco

e General axioms of QFT:
All eigenvalues of P* are in the forward lightcone

1.

e Use the (Kallen-Lehmann) spectral representation:

2. There is a Poincaré-invariant vacuum state |0)
3.
4. Asymptotic fields are free fields whose creation operators span a Fock

For every particle there is 1-particle state |p)

space (asymptotic completeness)

ET. (0| [(x)(y)]0) = / a2 p(?)

p

2

-

e Idea: For scattering process sharply located in space-time, use:

7

7/142+’L-€
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i 7 00 i
+ A dp? p(p®)

p? —m? +ie m2 p? — p? +ie
7. Wave function renormalization, m: renormalized mass

Bound states

Continuum of >2P states

e Asymptotic LSZ (Lehmann-Symanzik-Zimmermann) condition:
Heisenberg fields of full theory are asymptotically free fields (up to wave function and
mass renormalization)

O(x) " 25 VZoim(x)  B(x) T 25X VDo ()
e Asymptotic fields obey free field equations! = Simple Fock spaces

) _ I I 1
Vin = 1@ 5, Cin ey -+ Vi e, |0) . . _
; : ; Assumption: Vi, = Vs = V
Vout = Qin iy Yin ko * + + Yin ke, 0)
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Th e S' M atriX Wheeler, 1939; Heisenberg 1943

e Scattering probability from initial to final state:  Prob. = \(ﬁout\am>|2

e S-Matrix transforms in into out states: ‘ (Bout | tin) = (Bin|S|ctin) ‘

1. S-Matrix is unitary (prob. conserv.): sts =65t =1
2. Transforms asymptotic field operators: bout(x) = STpin(x)S
3. S-matrix invariant under symmetries: [Q,S]=0

» Four major steps to calculate scattering cross sections

1.
2.

LSZ formula: S-matrix as n-point Green’s functions of full theory

Gell-Mann—Low formula: Green’s functions of full theory expressed by
perturbation series of free field Green’s functions

Wick’s theorem, Feynman rules (and elimination of vacuum bubbles)

Phase space integration: scattering cross section from S-matrix
elements
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Step 1 : LSZ formula Lehmann/Symanzik/Zimmermann, 1955

Idea:
» Fort — oo asymptotic fields are free
» Project out creation operators from free field operators by inverse Fourier
transform
» S-Matrix element is (upto normaliz.) Green’s function multi-particle pole
» One gets tis pole by amputation of external legs of the Green’s function

4 N

(P, Pn,out|qr,...qi,in) = (p1,...pn,in|S|q1, ... q,in) =

S\ nt+l [ )
(disconn. terms) + (ﬁ) <H/d4yielpiyi(|:’yi + m?)) .
i=1

!
<H/d%je‘i%<uxj +m§)) (OIT[2(y1)®(y2) - (21)]]0) =
Jj=1

k amputa1ed/

e Yields Feynman rules for external particles: 1P on-shell wavefunctions
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Step 1 : LSZ formula Lehmann/Symanzik/Zimmermann, 1955

Idea:
» Fort — oo asymptotic fields are free
» Project out creation operators from free field operators by inverse Fourier
transform
» S-Matrix element is (upto normaliz.) Green’s function multi-particle pole
» One gets tis pole by amputation of external legs of the Green’s function

4 N

(P, Pn,out|qr,...qi,in) = (p1,...pn,in|S|q1, ... q,in) =

.o\ n4l [ n )
(disconn. terms) + (ﬁ) (H/d4yielpiyi(|:’yi + m?)) .
i=1

!
(H/d%je—i%%(uxj +m§)> (O T [@(y1)P(y2) ... P(x;)]|0) =
j=1

k amputa1ed/

e Yields Feynman rules for external particles: 1P on-shell wavefunctions
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Step 2: GeII_Man n_LOW formula Gell-Mann/Low, 1951

v

Use: field and time evolution operators in the interaction picture

v

Transform fields of the full theory into asymptotically free fields
asymptotically free fields

v

Solve the Schrddinger equation of IA picture time-evolution operator
as a (time-ordered) perturbation series

Ut)=1 [exp (—i/_; dt’Hmt(t')”

Time evolution of field operators and also vacuum state (vacuum
polarization!) L = Linetic + Lint

v

OIT [®(z1) ... ®(xn)]|0) =
(O T [$in(@1) - din(n) exp (i [ d*¢Lint[$in (2)])]]0)
(O[T [exp (i [ d*xLint[éin(@)])]|0)
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Step 2: GeII_Man n_LOW formula Gell-Mann/Low, 1951

v

Use: field and time evolution operators in the interaction picture

v

Transform fields of the full theory into asymptotically free fields
asymptotically free fields

v

Solve the Schrddinger equation of IA picture time-evolution operator
as a (time-ordered) perturbation series

Ut)=T [exp (—i / t dt’Hmt(t’))] 2Ee g

—0o0

v

Time evolution of field operators and also vacuum state (vacuum
polarization!) L = Linetic + Lint

OIT [®(z1) ... ®(xn)]|0) =
(O[T [fin (1) . Gin(@n) exp (i | d*2Lint[din(2)])]]0)
(O[T [exp (i [ d*xLint[éim(@)])]|0)
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Step 3: Wick’s theorem, Feynman Rules  wix 1950

e Task is to calculate VEV of time-ordered product of free fields:
<O‘T [¢(m1)¢($2) A d)(mn)} ‘0) (Note: L;,: [¢(z)] is a polynomial of free fields!)

e Decompose fields in annihilator (pos. freq.) and creator (neg. freq.)
parttoshow  T[¢(x)¢(y)] = : p(x)d(y) : + Dr(z —y)
e Wick’s theorem  (proof by induction) ¢; := ¢(z;) etc.

T[p1.--Pn]=:¢1...0n:+:01...0n—2: Dppn_1,+ permut.
CP1.. . Pn—a [DF,n—3,n—2DF,n—1,n + Drn—-3n-1DFn—2n

+ DF’n_g,nDF’n_ln_l] + perm. + ... 4 product of only Feynman propagators

o = (0|T [¢1...00]]0) =L perm. DF,i.;j for example:
(0| T [#1¢2¢3¢4]|0) = DF12DF 34 1 2 1 2 1 2

+ DF13DF 24 + Dp14aDp 23 = +
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Feynman rules (position space)
Example for £ = 1(9,¢)(0"¢) — $m?¢? — 2 ¢*

Propagator v ! Dp(z —vy)

Vertex >< (—iX) [ d*z

external point P exp|—ipz - sgn(in/out)]
divide by the

symmetry factor

e Note: Position integrals correspond to QM superposition principle

e Example for symmetry factor:

Q yields a symmetry factor 3!
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Feynman rules (momentum space)

— Propagator —— i/(p? — m? + ie)

- Vertex >< —iA

— external point -— 1 (or u, v etc.)

— momentum conservation at each vertex

— integrate over Jd*p/(2m)*
undetermined momenta

— divide by symmetry fac.

e Note: Momentum integrals correspond to QM superposition principle
EXample in )\¢3 theory: Mandelstam variables: s = (p1 + p2)2 t = (pl — p3)2 w = (p1 — pa)?
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Bubbles, bubbles, vacuum bubbles
e Vacuum bubbles are infinite diagrams (Fermion loops: (-1))

Q@Q ~ (8*(p))* — (2T) - (Vol)

e Vacuum bubbles in the numerator and denominator of Gell-Mann—Low
formula

e Symmetry factors = vacuum bubbles exponentiate
e Just a normalization factor: cancels out

(0T [¢(2)9(y) exp(—i [ dtht N0y
TRl = (O] [exp(=i [ dtHui(1)))][0)

+41ﬁH@a+.mp8 3+ ]

“48*§+@j*“l
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Bubbles, bubbles, vacuum bubbles
e Vacuum bubbles are infinite diagrams (Fermion loops: (-1))

Q@Q ~ (6*(p))® — (2T) - (Vol)

e Vacuum bubbles in the numerator and denominator of Gell-Mann—Low
formula

e Symmetry factors = vacuum bubbles exponentiate

e Just a normalization factor: cancels out

(O]T [ ¢(y)exp ifdtht [0y
(0T [®(x)®(y)]|0) = OIT [t [ @ON][0)  ~

exp + _|_
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Fermion lines

e Signs from disentangling field operator contractions:

— . 0 1 1

(Olow (@)t () (y)w (y)d (2)1(2)b]0)

| | |
R ke k

PRk 1 p1 P2

i(p+ K +m) i(p+ K + kom)
(p+k1)2—m?2+ie (p+ ki + k)2 — m?2 + ie

u(p) u(q)

o External fermions:

»

——

u®(p)
— 7*(p)
Y —— @ (p)
Y —— v*(p)
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Step 4: Phase Space Integration and Cross Sections

e Number N of scattering events for
2 particle beams with particle densities p; o, relative velocity v (V'
scattering volume, T scattering time)

N:VTplpszO-

e Constant of proportionality: cross section

o effective scattering area  (e.g. geometric scattering o = 7r?)
e How to get the cross section?
1. Probability to get any final state |n) from initial state |a): 3", [(n|S|a)|?
2. Project on a specific final state
3. Use Fermi’s Golden Rule
4. Momentum integral from projection becomes phase space integral over
final-state momenta

Flux factor, invariant matrix element, phase space measure

‘Mﬂa|2 = 4
dog, = I |d i | (2m)%0 + py — E i
7o 4'\/(191 '1)2)2 im3 \; v ( W) (p1 P q

i=1
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e Analogous decay width T of a particle (Life time 7 = 1/T)

Al 5 = 200 |Mﬁ“ (Hd ) (2m)46% (p Zqz

e 2 — 2 scattering depends only on /s and cos 6:

d_(f — ]- |qout|
dQ  6472s |pin

o Simple example, \¢* theory:

) )\2
o —iX 2 2 _ .
Mpq = >< = M =X = o=T-

[Mial?

» | =
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e Analogous decay width T" of a particle

Al 5 = 200 |Mﬁ“ (Hd ) (2m)46% (p Zqz

e 2 — 2 scattering depends only on /s and cos 6:

d 1
% = IMsal>  all masses equal

o Simple example, \¢* theory:

N 22
Mﬁa: >< = |M5a\2=)\2 = g _—

4

(Life time 7 = 1/T)

» | =
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Quantization of the Electromagnetic Field

1
L=~ FuF" —j,A"

e Euler-Lagrange equation CJA* — 0" (0 - A) = j* invariant under gauge
transformation: A*(z) — A*(x) + o f(x)
e Gauge invariance makes life hard  (but for the wise easy!)
» Ay absent = no IT°
» Kinetic term is singular, hence not invertible
> [A,(T), A ()] = —inw 0 (T — ) leads to negative and zero norm states
on Fock space!

3
Ap(z) = / kY (@jkﬁ”(k)e*ipz +aMTed (k)e“f'z)
A=0

e Solution: gauge fixing: 9- A =0

Physical states |«): Transversal polarizations (e(k) - k = 0)

Unphysical states |x): longitudinal (space-like) pol./ scalar (time-like) pol.
Physical Fock space {|a)} contains only positive-norm states

|a) — |a) + |x) just corresponds to a gauge transformation
Gupta-Bleuler quantization: (al(0-A)|B) =0

v

vvyy

v
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Quantum Electrodynamics (QED)

» Local (gauge) transformations

P(x) — explieQer 0(2)]¢(x)

A () = Ay (2) + éaue(x)

» Derivative terms are no longer invariant = covariant derivatives
by = Dy ypiby = (O — ieQpAy) oy

_ 1 ,
Lopp =) by (iPs—mys) s — [ FuF"
7

ieQ ry*
Y -
@—»—
— My @—47
k2+ie
@’\f\f\/ "
i(p+m) wo A

p2—m?2+ie

e g < =

w w w
—~~ N~
TR
~— T  ~— ~—

)
= ¥
—~ o~

Sy

a
=




DESY, 07-08/2013

Ward identities: gauge invariance for the wise

» Noether theorem: continuos symmetry implies a conserved current
where the conserved charge is the symmetry generator

,TJ"=0 = Q:= / &z J°(%) with %Q =0
[iQ, ¢(x)] = d¢p(xz) symmetry of the Lagrangian

» Current conservation implies Ward identities: (contact terms vanish on-shell)
0=20L (0T [T (z)¢1(21) - .. dn(zn)]|0)

j#
» Generalization for off-shell amplitudes Fu =0
(and also non-Abelian gauge theories):

Slavnov-Taylor identities
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ete” — putu—: A sample calculation

Ap2) wap)

= i QuQu (W@ 0(a2) ~ (P(p2)uupn)

—inHY
(p1+p2)2

u(p1) v(q2)

» Square the matrix element, sum over final state spins, average over
initial spins

Spinsums: ) ug (p)uh(p) = (B+ml)s Y vi(PU5(P) = (B —ml)y,

s=+ s==%

Use Z "(P1)Yuv(p2)*) @ (P1)1wv® (p2))* = D (@ (p1)7uv® (p2)) (@ (P2) 70w’ (p1))

T,8

= Ztr " (P1)yuv® (p2)) (0" (P2)vwu’ (p1))] = tr [(B1 + m)vu (P2 — M)

= 4(p1,uP2,v + P1,uP2,u) — 280w
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» Neglect all masses:

[4(p1,up2,1/ +p1,1/p2,;4> - 2577;41/] [4(Q1,NQ2,V + q1,uq2,u) - 287’””,]
= 32(q1p1)(g2p2) + 32(q1p2)(g2p1) = 8(t* + u?) = 4s*(1 + cos>0)

do 1 1
= O = - 2
? /d a0 647r2s2;|M|

et 1

_ 4o
T 327252

(2) /_11 d(cos 0)(1 + cos? 0) = 5

» Sommerfeld’s fine structure constant o = €2/(4w) ~ 1/137
» Result:

_ _ 4o
Tem ) = 2

ole
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The Mighty Valkyrie:
Non-Abelian Gauge Theories and
Renormalization
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Quantum (a.k.a. radiative) corrections S S Z i

o Real corrections: radiation of photons etc.
e Virtual (loop) corrections

. Vacuum
Self energies —O0— N
polarization
Vertex corrections Box diagrams

o Example: e~ anomalous magnetic moment gk [y, "] F,0
Dirac theory tree level: g = 2 a:=e?/4m

% >>% .y (1 + %) — 2.00232282

Experimentally: ¢ = (2.00231930436222 £+ 0.00000000000148)
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Ultraviolet and infrared (mass) singularities
» Ultraviolet singularities (in loops)

q

ko . o [ 4 b tmn @Etm)
= i (k) = —e / (2m)t (- m (T —m?)

q+k

[Py, e dg{q1,1
A {L,a,¢°} ~ [ dg{q ', 1,4}
= Logarithmic, linear, quadratic divergencies

» Collinear and soft (mass or infrared) singularities

1 1
Sk — =
Sp+k P (p+k) m? 2p-k

2 _
_ 1
"~ 2E.E,(1— Beosb)

with B =p./E.~1

Collinear singularity: cos¢ — 1  Soft singularity: £, — 0
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Dimensional Regularization

Divergent integrals need to be cast in a finite form to be treated

Analytical continuation of

loop integrals to D =4—2e¢ <4 forultraviolet singularities
phase space integrals to D =4+ 2¢ >4 for soft/collinear singularities

Keep dimensionality of integrals = unphysical scale 1

/ (jT? _”‘M/ éfﬁﬂ

E.g. QED vacuum polarization:

5 (k) = (2—0‘) (K — k) /01 dra(1 - )

™
—x(1 — x)k? +m?
%G

1
[— — v +1In(47) — In
€

(yg = 0.577 ... Euler constant) A:=1/e —vg + In(4n)




heoretical Particle Physics

Power Counting
e Question: Which Feynman diagrams do contain UV divergencies?

d*k1d*ks ... dkr J:# Numerator
- / (Fi —m) (kz) (k2) ~ J:# Denominator
) <R Ry

e Define superficial degree of divergence D  (in D dimensions)

‘ D = (# Numerator) — (# Denominator) = D - L — I, — 21, ‘

E. = #external e*, E., = # extern. ~, I, = # internal e*, I, = #intern. ~, V = # vertices, L = # loops

» Fermion propagators contribute £~*, bosons k2
» Vertices with n derivatives contribute k™
» Euler identity: \ L=I+1,-V+1 \ (by induction)

» Simple line count: V=2, +E,=1%2l+E.)

e Power counting master formula:

( D=D(I.+I,-V+1)—I.-2[,=D—E, —3E, ]
Depends only on number of external lines
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QED Singularities — Classification of QFTs

) D=4 Qo D=3
(irrelevant, normalization) = 0 (Furry’s theorem)
@ D=2 :Q D=1
D = 0,Wardid., kzn,“, — kuky = 0 (Furry’s theorem)
>>< D=0 — D=1
finite, Ward identity D = 0 (chirality)
>Dm D=0 D=4-E, - 3E.
Superrenormalizable Theory | D ~ —1I iny finite # of (sup.)
divergent graphs
Renormalizable Theory D~0-1 Finite # of (sup.) div. ampl.,.
but at all orders of pert. series
Non-Renormalizable Theory | D ~ +1 all amplitudes of sufficiently

high order diverge
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QED Singularities — Classification of QFTs

@

D=4

(irrelevant, normalization)

[ - D=3

= 0 (Furry’s theorem)

WOW

D=2

D = 0, Wardid., kanu — kpky

D=1
= 0 (Furry’s theorem)

0

D=0

finite, Ward identity

— O D=1

D = 0 (chirality)

P

D=0

Superrenormalizable Theory

Coupling constants have
positive mass dimension

Renormalizable Theory

D~0-1

Coupling constants are
dimensionless

Non-Renormalizable Theory

Coupling constants have
negative mass dimension
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Renormalization

e In a renormalizable theory infinities cancel in the calculation of
physical observables!

e Example: UV divergence of vertex correction and Z. cancel
o Infinities cancel: there are finite shifts in physical parameters (g — 2!)
e Easier calculational prescription: Renormalized perturbation theory

» Express Lagrangian of bare fields and parameters
L(¢o,mo, Xo) = 2(0¢0)* — $mied — 3% ¢4 by renormalized ones:

» ¢ = /Z¢,en. eliminates wave function factor
» Expand parameters/ffields 6z = Z — 1, 6m = m2Z — m?, 6x = M Z% — X

_ 1 2 1 5.9 A g 1 2 1 N
L= 5(8¢7‘6’n) _im ¢T6n_I¢T€n+§6Z(a¢TC'ﬂ) _§6m¢ren2_ﬂ¢ren4

» This generates counterterms, e.g.

>< S >< = —id

e Loop diagrams and counterterms added up are finite!
e_Counterterms are not unique: on-shell scheme, M_§ scheme
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KLN: Discarding mass singularities
e Soft/collinear singularities only appear for (quasi) massless particles

e They appear both in real diagrams @ =k )
k
1 2
_L< ) R « 2 1+ x R
bopk do®"" (p,pR) ~ o -In (32)/0 de~——do""(ap,pr) + -
and virtual diagrams
1
s 6Z¢ ~ ——1n (Qi) / dz(1 — z) 4 non-log terms
2 me/ Jo
IZ@C 1
€ « 2
s T do M (ppR) ~ —on (fiz) d”e_’R(zp,pR)/o o+
soft singularity: m, — 0 collinear singularity: x — 1

Soft-coll. singularities cancel between the three contributions
e Splitting function:  P.. = (1 + 22)/(1 — ) (cf. later)
KLN Theorem Bloch/Nordsieck, 1937; Kinoshita 1962, Lee/Nauenberg, 1964
Unitarity guarantees that transition amplitudes are finite when summing

over all degenerate states in initial and final state, order by order in
perturbation theory (or for renormalization schemes free of mass sing.)
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Renormalization group and running couplings
e High-momentum modes = short-distance quantum fluctuations
e Fourier integrating over these AA < |k| < A modes (path integral)
Consider S = [dPxz (1(8¢)* — im2¢? — Bo?) Rescale:
=X K =k/A~p ¢ =4/A2D(1+52)¢p (0<A<1)
Integrating out generates higher-dimensional operators, e.g.

e Effectis a shift in the masses, parameters, and field normalization
(hence a renormalization)

/dDw[, _/dD /|: 8¢ /2¢/2 B/¢/4—C,(8¢),4—D/¢,6+,..
p<AA
» Close to a fix point: m?,B,C,D,...=0
m'? = (m?+om?)(1+62)" A2 » Keep only linear terms
B’ = (B4+6B)(1+62)"22\DP—4
C' = (C+6C)(1+682)"2\P » Relevant operators
D' = (D+8D)(1+82)~3)\2P—6 » Marginal operators

. » |rrelevant ogerators .
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Renormalization group and running couplings
e High-momentum modes = short-distance quantum fluctuations
e Fourier integrating over these AA < |k| < A modes (path integral)
Consider S = [dPxz (1(8¢)* — im2¢? — Bo?) Rescale:
=X K =k/A~p ¢ =4/A2D(1+52)¢p (0<A<1)
Integrating out generates higher-dimensional operators, e.g.

e Effectis a shift in the masses, parameters, and field normalization
(hence a renormalization)

/ dPzL

m'? m2X~2  growsfor E — 0

_/dD /|: 8¢ /2¢/2 B/¢/4—C,(8¢),4—D/¢,6+,..
p<AA

v

Close to a fix point: m?,B,C,D,... =0

v

Keep only linear terms

B’ = BXP—* const.for B — 0
¢’ = CAP  shrinks for E — 0 > Relevant operators
D' = DX?P—=6  shrinks for E — 0 » Marginal operators

. » |rrelevant ogerators .
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Renormalization group and running couplings

e High-momentum modes = short-distance quantum fluctuations
e Fourier integrating over these AA < |k| < A modes (path integral)

Consider S = [dPxz (1(8¢)* — im2¢? — Bo?) Rescale:
=Xz K =k/A~p ¢ =4/A2"DP1+62)¢ (0<A<]1)
Integrating out generates higher-dimensional operators, e.g.

e Effectis a shift in the masses, parameters, and field normalization
(hence a renormalization)

/dDZ‘E */dD /|: 8¢> m,2¢/2—B/¢/4—Cl(8¢),4—Dl¢,6+...
P<AA
» Close to a fix point: m?,B,C,D,... =0
m'2 = m2\"2  grows for ' — 0 » Keep only linear terms
B’ = BAP—4 const.for E — 0 ]
' = OANP  shrinksfor E — 0 » Superrenormalizable theory
D' = DX2P=6  shrinks for E — 0 » Renormalizable theory

» Nonrenormalizable theory
- —
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Renormalization Group Equation Wilson, 1971; Callan, Symanzik, 1970
e Bare Green’s function do not depend on renormalization scale p

d d _ n
0= M@G(n)(go,mo, reg.) = u@{ [Z n/2. Gge%] (g(g0, mo, ), m(go, mo, 1), reg-)}

o ag o 1 o P 1 dz n
Ni_i_uigi_ (——Mﬂ) m——n(—fuf)} G'g‘ezzz

[ ]

B(g,m, n) = 0g/0(In ) B (RG) function
B(g,m,u) =—0(Inm)/d(In ) anomalous mass dimension
v(g,m,p) = —2d(In Z) /d(In p) anomalous dimension

. 3 2 2
Typical one-loop values:  B(g9) = Bogez  Ym(9) = Ymo10z V(9 = 1010z
Solution of RG equation:

dg  _ Bog®

dinpg — 16w2 =
2
g2 () = 9" (po)

2
1- 2050 g In( L)
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Renormalization Group Equation Wilson, 1971; Callan, Symanzik, 1970
e Bare Green’s function do not depend on renormalization scale p

d d _ n
0= M@G(n)(go,mo, reg.) = u@{ [Z n/2. Gge%] (g(g0, mo, ), m(go, mo, 1), reg-)}

3] 7] 0 n
pw— + B(g,m, 1) = — ym (g, m, p)m— — ny(g, m,u)} G =o
o dg om

[ ]

B(g,m, n) = 0g/0(In ) B (RG) function
B(g,m,u) =—0(Inm)/d(In ) anomalous mass dimension
v(g,m,p) = —2d(In Z) /d(In p) anomalous dimension

. 3 2 2
Typical one-loop values:  B(g9) = Bogez  Ym(9) = Ymo10z V(9 = 1010z
Solution of RG equation:

dg_ _ Bog®
dlnp — lgﬂ'§ =
2
g2 () = 9" (po)

2
1- 2050 g In( L)
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Renormalization Group Equation Wilson, 1971; Callan, Symanzik, 1970
e Bare Green’s function do not depend on renormalization scale p

d d _ n
0= M@G(n)(go,mo, reg.) = u@{ [Z n/2. Gge%] (g(g0, mo, ), m(go, mo, 1), reg-)}

3] 7] 0 n
pw— + B(g,m, 1) = — ym (g, m, p)m— — ny(g, m,u)} G =o
o dg om

[ ]

B(g,m, n) = 0g/0(In ) B (RG) function
B(g,m,u) =—0(Inm)/d(In ) anomalous mass dimension
v(g,m,p) = —2d(In Z) /d(In p) anomalous dimension

. 3 2 2
Typical one-loop values:  B(g9) = Bogez  Ym(9) = Ymo10z V(9 = 1010z
Solution of RG equation:

dg_ _ Bog®
dlnp — lgﬂ'§ =
2
g2 () = 9" (po)

2
1- 2050 g In( L)
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Renormalization Group Equation Wilson, 1971; Callan, Symanzik, 1970
e Bare Green’s function do not depend on renormalization scale p

d d _ n
0= M@G(n)(go,mo, reg.) = u@{ [Z n/2. Gge%] (g(g0, mo, ), m(go, mo, 1), reg-)}

3] 7] 0 n
pw— + B(g,m, 1) = — ym (g, m, p)m— — ny(g, m,u)} G =o
o dg om

[ ]

B(g,m, n) = 0g/0(In ) B (RG) function
B(g,m,u) =—0(Inm)/d(In ) anomalous mass dimension
v(g,m,p) = —2d(In Z) /d(In p) anomalous dimension

. 3 2 2
Typical one-loop values:  B(g9) = Bogez  Ym(9) = Ymo10z V(9 = 1010z
Solution of RG equation:

dg  _ Bog®
dinpg — 16w2 =
_ a(p
a(p) = o)

L5 )
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Non-Abelian Gauge (Yang-Mills) theories

e Local symmetry based on a (semi-)simple Lie group or direct product:
Gi(@) = exp[igh (@) T°],; ¥s(@) [T T°] = ifareT®  Dpuis = 0u8i5+ig T AL
e Matter-gauge boson vertex contains a non-Abelian generator:

— W, a .
—gYT5 A = >WW —igV. T}

e Non-Abelian field strength tensor:
[Dy, D)) = igFf,T" = —ig (0, AL — 0,A% — g farcALAS) T

does contain gauge boson self interactions:

Pk T a
_gfabe [(p — k)rghe Zig? [fabc]cade(np.o'nu‘r )
a +(q — p)Un#V . +fabdface(nuuna7 _ nu-rnua)
. ) k, o +(k _ q)u,r]uch b +fabefacd(nuun07 _ nMGnVT)]
c
q, Vv I v

Dynkin index T :  tr [TATH] = Tréap — Tr = 3 Quadratic

Casimir: ¥ TaTf =Crl  Cagj.:=Ca =3  Cpuna. :==Cr — 3
a
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Quantization of Yang-Mills theories

Use path integral representation of Green’s functions
Summing over physically equivalent field configurations (gauge orbits)
Gauge fixing: Choose one configuration per space-time point

Can be written as a functional determinant radseevpopov, 1967

e Leads to gauge-fixing/ghost Lagrangian:

1 a a
LGF+FP = —E(ﬁ LA ¢ 6“D“bcb

First term leads to invertible gluon propagator

Faddeev-Popov ghosts ¢, ¢: fermionic scalars!!! cancel unphysical
longitudinal and scalar gluon modes, preserve S-Matrix unitarity

k a

Kya 000000 v, b ;1( —(1- k”ku)5 N
K2 4ie v -9~ ab L — 9fabepp

a k, b = lieéab
Ghosts decouple in QED

After gauge fixing: gauge invariance lost, remainder global, non-linear
BRST Sym metry Becchi/Rouet/Stora, 1976, Tyutin, 1975, Batalin/Vilkoviskiy, 1976

b
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QCD: Asymptotic freedom, Confinement

» Quantum Chromodynamics (QCD) is SU(3) Yang-Mills theory of
strong interactions

» QCD g function is negative! Gross,Politzer Wilczek, 1973

}gm e % :

11 2 . E
Bo = CFNfTR_gcA — ng—ll <0 o e ”‘1‘0[0‘”‘ e v
» Asymptotic Freedom: as — 0 for p — oo
Quarks quasi-free particles (Antiscreening of YM field)

» Confinement/Infrared Slavery:
Landau pole: oy — oo for p ~ Agep ~ 0.2 GeV

» QCD forms bound states at scale (1 — 3) x Agcp: mesons (¢g) and
baryons (qqq)
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1969 SLAC electron beam to hadronic
fixed target

Cross section const., no 1/s drop-off

Lo (P) = [} dv S, Fr(e, Q)

(S = NELasTi

Q2 STIC
P Ao (e f = e f,aP) Nzearremme
~
L ~. ]
i~ O
G et . ; oo
C Bl o U3 Cobiod POF » Bjorken scaling F'y(x) ~ const.:
scattering at quasi-free partons
10 Bjorken, Feynman, 1969
» Scaling violations:
‘ Fy(z) := Fy(x,Q?%) ~ In Q? described
Wb by logarithmically enhanced higher
T o order QCD radiative corrections
A (Altarelli-Parisi equations)
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Proofs: R Ratio, Jet Events, and all that...

W A eTe™ annihilation into hadrons
103k I »(28) 5 1
£ 5 ] B B ,
| olete” ) = a0 = 122
*E /\Lf,v g ! o(ete~ — hadrons) 50 New > Q?p
1TE N

£ R=

P I B Ll

10
V3 [GeV

» Gluon discovery: 3 jets @
DORIS/P ETRA Timm/Wolf (DESY), 1979

> z1 = By/E., v3 = E;/E,, 3 = E,/E,

do
dzldz‘g

(ete™ — qqg) = oo x

(3Zf)Qi)

2as a;f +w§
37 (1—z1)(1 — z2)

o(eTe™ — hadrons) 5
olete —putp=)

= below 2m
3
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Proofs: R Ratio, Jet Events, and all that...

TR T eTe~ annihilation into hadrons
03l e $(28) 5 ]
= mzé— : @ - 0'(6+€_ N u+u_) = oo = 47;’?2
0 g /\Lv o . o(ete” — hadrons) = oo Ne- >, Q%
q o ) E (ete~ — hadrons)
E o(eTe

m".‘fk‘u.w T B R= =2 below 2m.

1 10 10° 0'(€+6_ — [,L+u_)

/3 [GeV

» Gluon discovery: 3 jets @
DORIS/P ETRA Timm/Wolf (DESY), 1979

> z1 = By/E., 3 = E;/E., 3 = E,/E,

do
dxidzo

(ete™ — qqg) = oo x

(3Zf)Qi)

2as a;f +w§
37 (1—z1)(1 — z2)
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Proofs: R Ratio, Jet Events, and all that...

TR T ete™ annihilation into hadrons
wil g $(28) - ]
- mz? g 3 olete™ = putp™) = o9 = 47;';‘2

s /\Lv o : o(ete” — hadrons) = oo Ne- >, Q%

E 4™ o(eTe™ — hadrons 10
m".‘fk‘u.w T B = ( — T _):7 below 2m;,

1 10 10° 0'(6 e = uTp ) 3
/3 [GeV

» Gluon discovery: 3 jets @
DORIS/P ETRA Timm/Wolf (DESY), 1979

> z1 = By/E., 3 = E;/E., v3 = E,/E,

do
dxidzo

(ete™ — qqg) = oo x

(3Zf)Qi)

2as a;f +w§
37 (1—z1)(1 — z2)
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Proofs: R Ratio, Jet Events, and all that...

TR T ete™ annihilation into hadrons

wil g $(28) - ]

T"Z;_ 4 E +o— +,— — _ 4ma?
Fi | . olete™ = ptp™) = go= 53

s /\Lv o : o(ete” — hadrons) = oo Ne- >, Q%

Ny e 4

E 4™ o(ete™ — hadrons 11
m".‘fk‘u.w T B = ( — T _):7 below 2m
. e 2o olete = putu™)
/3 [GeV

» Gluon discovery: 3 jets @
DORIS/P ETRA Timm/Wolf (DESY), 1979

> z1 = By/E., 3 = E;/E., v3 = E,/E,

do
dxidzo

(ete™ — qqg) = oo x

(3Zf)Qi)

2as a;f +w§
37 (1—z1)(1 — z2)
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Proofs: R Ratio, Jet Events, and all that...

] w28

10
V3 [GeV

» Gluon discovery: 3 jets @
DORIS/PETRA

> 21 = By/E., 3 = E;/E,, 13 = E,/E,

do
dzldz‘g

(ete™ — qqg) = oo x

(3ZfIQ?)

2as

Timm/Wolf (DESY), 1979

2 2
x] + x5

37 (1—z1)(1 — z2)

ete annihilation into hadrons

_ — L _ 4ma?
olete”™ = ptu™) = oo =42
o(ete” — hadrons) = oo Ne- >, Q%
*e~ — hadrons 11
_olle o ) _u below 2my

olete —putp=)

PLUTO e*e—=qdg
s
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Proofs: R Ratio, Jet Events, and all that...

ete annihilation into hadrons

E Ty
'"5;’ 1| p(2s) Zh N
\; olete™ = putp™) = o= 47;';‘2
' o(eTe™ — hadrons) = o¢ - Ne - > ch
] te” —h 11
o il a ey ] Rzg(e e adrons):7 below 2m
10 107 olete™ = putpu~) 3
/3 [CeV
T B i e o
» Gluon discovery: 3 jets @ ]

DORIS/PETRA Timm/Wolf (DESY), 1979
> 21 = By/E., x5 = E;/E,, w3 = E,/E,

do
dzldz‘g

/M)dNidicos el
o
e 2 /
o
o

(ete™ — qqg) = oo x

5y 2005 a;f—&-wg Bla i i RO AT SO R R
(3Zf:Qf) P S e — T TP, s &
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The Factorization Theorem

o Cornerstone of perturbative QCD: . e
Factorization theorem sieman, 197s; Golinsisoper, 1881 amphiude "
Hadronic cross sections can be split into
» Perturbative part: hard scattering process
» Non-perturbative part:
parton distribution functions
» Non-perturbative part:
jet or fragmentation functions
Hard scattering cross sections perturbatively calculable
Parton distribution and fragmentation functions from experimental fits
Perturbative evolution of PDFs/fragmentation func. to different scales:

Hard scattering
process

Generalized
parton distribution

dlZQ Fol2, @) = %(Q)/ dz{ 9%11(”)2[ ,Q)+Fa(§,Q)}

+Ppy (L QR (Z.Q) )
O‘S(Q)

d 1dz T T T
qu(:t,Q) = / - {Ptﬂ—q(z)Fq(;aQ) + Pqeg(*vQ)Fg(;aQ)}

S F(@.Q) = dz{Pch)Fq( Q@+ Py @R}




heoretical Particle Physics

Hadronic Cross Sections, PDFs

e Parton Distribution Functions (PDFs): F's(x)dx = prob. of finding

constituent f with longitudinal momentum fraction z

e Momentum sum rule: fol drx [Zq Fy(x) + 32, Fa(x) + Fg(x)} =1

Charge sum rules: [ dz [F,(z) — Fu(z)] =2, [ da [Fa(z) — Fi(z)] = 1

e PDFs Have to be fitted from experiments

e Hadronic cross section are calculated according
to the factorization theorem:

a(p(P1) +p(P2) =Y +X) =
1 1
/0 dx /(; dxo zf:Ff(xl)Ff(xg)-

O'Showered(f(xlpl) + fT(Z‘sz) - Y)

[[F — M, B)
Y

e Parton shower describes QCD radiation

A0

Parton Density Function of proton [G*=(10 GeV)’
CTEQ6L

i}
0.9
0.8
0.7
06
05
04
0.3

02 N\

01

0
0 10° '
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Hadronic Cross Sections, PDFs

e Parton Distribution Functions (PDFs): F's(x)dx = prob. of finding
constituent f with longitudinal momentum fraction z
« Momentum sum rule: [ dua [zq Fy(z) + X, Fale) + Fg(x)] —1
L]
Charge sum rules: [ dz [F,(z) — Fu(z)] =2, [ da [Fa(z) — Fi(z)] = 1
e PDFs Have to be fitted from experiments
e Hadronic cross section are calculated according
to the factorization theorem:

| Tl and ZEUS HERA T+11 Combined PDF Fit

Q'=10GeV?

a(p(P1) +p(P2) =Y +X) =
1 1
/0 dx /(; dxo zf:Ff(xl)Ff(xg)-

O'Showered(f(xlpl) + fT(Z‘sz) - Y)

[[F — M, B)
Y

e Parton shower describes QCD radiation
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Lattice QCD

e Discretize space and time

heoretical Particle Physics

e Solve Yang-Mills equation of motion numerically
e Gluon fields are links between lattice points

e Fermions sit on the sites of the lattice
e Problem: artefacts from continuum limit

» Hadron spectra are "measured”
on the lattice

» m, is the usual input

» Old days: "quenched” (no
fermions)

» One sees V (r) ~ r confinement
potential

32x

SETwe

T T
- —e—| 2 o e —
- . 4 s F e g
= ‘. ~ 2my-my e g
- - - ‘Y(1P-15) |- —— -
I e - vap-1s) | o g
e - Y{2P-1S) . -
e+ - Y(35-1S) [ . —
L o - vap-1s) |- > d
1 1 ul .
0.9 10 11 09 1.0 11

before: quenched/experiment

now: dynamical/experiment
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Lattice QCD

e Discretize space and time

e Solve Yang-Mills equation of motion numerically

e Gluon fields are links between lattice points 32x

SrTwE

e Fermions sit on the sites of the lattice
e Problem: artefacts from continuum limit

2000

[Budapest-Marseille-Wuppertal collaboration

» Hadron spectra are "measured”
on the lattice 1500

» m, is the usual input

~i

> T
» Old days: "quenched” (no 2 10001 Y !
fermions) 2 =2
» One sees V(r) ~ r confinement 500~k
potential

— experiment
= widih
o input
& QCD




Part [l (2. Abend)

The Noble Hero:

Hidden Symmetries

(formerly known as Spontaneous
Symmetry Breaking)
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Basics of Hidden Symmetries
Hidden symmetry is obeyed by the Lagrangian (and the E.O.M.)

e It is not respected by the spectrum, especially the ground state

In principle only possible in a system of infinite volume

Nambu-Goldstone Theorem Goldstone, 1961; Nambu, 1960; Goldstone/Salam/Weinberg, 1962
For any broken symmetry generator of a global symmetry there is a
massless boson (Nambu-Goldstone boson) in the theory.

Two cases:
i) @*|0) = 0Ya  unbroken or Wigner-Weyl phase
i) Q*|0) #£ 0 for at least one a = Nambu-Goldstone phase

» Simple proof:
-Nna a av a
¢i > 10T = 875_T¢j¢j =0 =
0%y %
T35 0]6%[0) + -— Tj; =0
06:99; | (01410, " 0%; 01910y 7
— ——

=(m?)y; =0
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The Nambu-Goldstone Theorem
e N-component real scalar field, possesses O(N) symmetry

£ = Yo7 0m0) — L aTo— L(6Te? with o— (6
- 9 1% 9 4 - 1)""¢N)

A Ay
nw >0

Minimizing the potential:

(¢) = 0 (metastable) or
5 / (670) ~ (@) (@) = —u?/g >0

@

e Without loss of generallty =(0,0,...,0,{¢n)) VEV in n-th comp.
e Mass squared matrix:
*V(¢) Ov—1)x(v-1) | O1x(n-1
M2),; = - N (6:) = [ 2N=DX(N-1) (N-1)
(M=)ij 96:0¢; (o) 29 (¢1) (¢5) ( O(N—1)x1 ‘ 29 <¢>z

e O(N) symmetry group broken down to O(N — 1) symmetry group

o # broken symmetry generators = # Goldstone bosons =
IN(N-1) - L(N-1)(N-2)=N -1
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Chiral Symmetry Breaking in QCD

» Light quarks (almost) massless = SU(2). x SU(2) g global symmetry

o= () £-TPQ-Qpas+Tuban
(mass term: — mQQ = -mQ;Qr + QrQL

Rewrite left- and right-handed rotations into vector and axial
transformations:

(Z) — exp [i150,PL] exp [0 Px] ( d) = exp 150y | exp [15047°] (Z)

» For massive quarks, the axial Noether current is not conserved:

v

3/1']_5 =0 aujﬁ = 2mQU 5@ m—)O

If SU(2) 4 were exact: |h) = T4 |h) degenrate opposite parity pairs of
hadrons, not seen in Nature

SU(2) 4 hidden symmetry T |h) = |h + 7)

» Pions are the Nambu-Goldstone bosons (NGB) of spontaneously

broken SU(2) 4 a

v

v
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What breaks chiral symmetry?

>

Strong interactions (QCD) make quark-antiquark pairs condens (like
Cooper pairs in a BCS superconductor)

Quark condensate: (300 MeV)? ~ A}, ~ (gqg) is invariant under
SU(2)y, but breaks SU(2) 4

Axial current generates pion states:
(0|J4 % ) = i FrGappte™* F, = 184 MeV from pion decay
Explicit breaking of SU(2) 4 by finite quark masses
Pions only approximate NGBs, i.e. pseudo NGBs (pNGBs):
s Almy 4 ma) (A(au + dd))

s Fg

Difference m(r*) — m(n°) ~ 5 MeV from electromagnetic quantum
corrections

Include strange quark: SU(3) x SU(3) stronger broken m, ~ 95 MeV
VS. my g ~2—0 MeV
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H idde n Local Sym m etries Anderson, 1961; Higgs, 1964; Brout/Englert, 1964; Kibble 1964
e Consider scalar electrodynamics:

- —%FWF“” + (D) (D) —V(9) | |V(6) = —1®|9]? + %(I¢I2)2

[ )
Remember the gauge trafos: A, — A, + 9,0(x), ¢(z) = exp[—ied(z)]P(x)
» Minimize the potential = (¢) = v/v/2¢'* where

v/V2=p/VA
» Radial excitation: "Higgs field”
\ » Phase is the NGB

olx) = J5(v + h(x))er™

» Evaluating the kinetic term

e2

1 1 2
|D,¢|? = 5(ah)2 + 5 (v + h)? <Aﬂ - aaﬂ> A,

e Mixture between gauge boson and NGB. Define B,, := A4, — L8,
e_Field strength term does not change under this redefinition
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Hidden Local Symmetries

e Consider scalar electrodynamics:

Anderson, 1961; Higgs, 1964; Brout/Englert, 1964; Kibble 1964

- —%FWF“” + (D) (D) —V(9) | |V(6) = —1®|9]? + %(|¢|2)2

Remember the gauge trafos: A, — A, + 9,0(x), ¢(z) = exp[—ied(z)]P(x)

. » Minimize the potential = (¢) = v/v/2¢'™ where
v/V2=p/VA
‘ » Radial excitation: "Higgs field”
\ » Phase is the NGB

olx) = J5(v + h(x))er™

» Evaluating the kinetic term

1 2 1 2
|D,¢|* = 5(6h)2 + E(v + h)? <A# — aaﬂ> A,

e Mixture between gauge boson and NGB. Define B,, := A4, — L8,
e_Field strength term does not change under this redefinition
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Hidden Local Symmetries

e Consider scalar electrodynamics:

Anderson, 1961; Higgs, 1964; Brout/Englert, 1964; Kibble 1964

- —%FWF“” + (D) (D) —V(9) | |V(6) = —1®|9]? + %(|¢|2)2

Remember the gauge trafos: A, — A, + 9,0(x), ¢(z) = exp[—ied(z)]P(x)

» Minimize the potential = (¢) = v/v/2¢** where
v/V2=p/VA
» Radial excitation: "Higgs field”
\ ) » Phase is the NGB

o) = J3(v+ h(@)e?™
» Evaluating the kinetic term V2

1 2 1 2
|D,¢|* = 5(6h)2 + E(v + h)? <A# — aaﬂ> A,

e Mixture between gauge boson and NGB. Define B,, := A4, — L8,
e_Field strength term does not change under this redefinition
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The Higgs Mechanism

e VEV generates mass term for the gauge boson

e Gauge boson mass: only consistent (renormalizable) way oofuveiiman, 1971
[ ]

1
L= _ZFM’/FMV_'_ MBBHBmu-l- (6’1)2 mhh — Gn, 3h — 9h, 4h4

2

2
) m m
with m? = \v? Mp =ev = —h m2 = —h
h B 9h,3 h
2v 8v2

R [Higgs field generates particle masses proportional to its VEV and]

its coupling to that particle

} 3 } it
v R v2
Feynman rules N

\ N s

2 N e 2
R i N 3%
/ v ZoN 2
e N
/ s N

e Hey, what happened to the Nambu-Goldstone theorem??

Longitudinal polarisation now becomes physical, Goldstone boson
takes over its place in cancelling unphysical degrees of freedom.
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The Electroweak Standard Model

» Standard Model (SM) is
SU(3). x SU(2)r, x U(1)y gauge theory

Fermions. Bosons.

H
E....

» Nuclear forces known since 1930s
» QCD (SU(3).) proven to be the correc

: theory in 1968-1980 (DIS, ete~ — jets
) ... . i at SLAC/DESY)
8
: ... . » Weak interactions known since 1895
(beta decay)
et b et . » Charged current weak processes, e.g.

muon decay = — e~ el Fermi, 1934
» Weak interactions couple only to left-handed particles w, 1957; olanaer, 1958

» Discovery of neutral currents in v-nucleus scattering 1973,
discrepancy in strength to charged current = weak mixing angle

» Production of W, Z bosons (CERN, 1983)
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The Lagrangian and its particles in totaliter

e Building blocks (SU(3)., SU(2)L)u (1), quantum numbers:

(273) (la’?’) (173) (271)1 (171)*2 (2a1)1 (171)0

4 2
3 3

Wl

» All renormalizable interactions possible with these fields:

_ 1 y 1 v
Lsy = Z (O ST (G GH] = St (W W]
Yv=Q,u,d,L,e,H,v

1 _ _
= 1 Bu B + Y QeH up +Y9Q, Hdg

+YLyHer [+Y"LpeH'vg) + p>HYH — N(H'H)?
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Electroweak Symmetry Breaking

e Higgs vev (H) = (0,v/+/2) breaks SU(2);, x U(1)y — U(1)em.
Dy = (8 + igW. g +ig'Y Bu)o
o Electroweak gauge boson mass term:

1 b, E i/ "uf i/ i 0
AE—Q(‘J?U)(QWH«2+2BH) (QW 2+2B »
e Three massive vector bosons W=, 7
+ .
Wi = 75 Wa T W) mw = 500 | | Zu = oies (Wi = g'Bu) - mz = 507+

e Orthogonal combination remains massless photon

AM = \/9214-9/2 (gIWS +gB“) ma =0
o Rewrite the covariant derivative: of =1(c' £o?)
, I 1 . g9
_ 9 + + 23 /12 3
D, = 8u+z\/§(WM oW, o )+17WZM(Q T°—g Y)-Hi\/WAN(T +Y)

’

. ) oy . oy
Weak mixing angle: cos 0y i sin Oy T
Gell-Mann—Nishijima relation: Q = 73 + Y
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Electroweak Symmetry Breaking
e Higgs vev (H) = (0,v/v/2) breaks SU(2);, x U(1)y — U(1)em.
Dyuo = (0 +igWu g +ig'Y B.)¢
o Electroweak gauge boson mass term:

-1 i, E i/ "uf i/ Iz 0
AE—Q(‘J?U)(QWH«2+2BH) (QW 2+2B »
e Three massive vector bosons W=, Z

j: .
Wi =5 Wy FiW)  mw = 3gv Zu:ﬁ(gws—glfgu) mz=5vg%+g'?

e Orthogonal combination remains massless photon
Ay = \/9217 (g/WS —|—gBM) ma =0
o Rewrite the covariant derivative: ot =1(c' +o?)

1
cos Oy

Dy =8, + i%(WJ‘a"‘ +Wo7)+i Z,,(T? — sin? 0w Q) + ieA,.Q

’

Vg Snlw = s
Gell-Mann—Nishijima relation: Q = 7° +Y

Weak mixing angle: cos 6y =
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E|eCtrOWGak Feynman RUIeS (all momenta outgoing)

f f f
—q 9 ~
5 2 cos QW ‘
i 9 _ 3 L2
ievuQy 7'2\/5’7#(1 ~¥2) [(Tg —325]“
A + V4 —
7 wi n 72 T¥]
f f f
+
wt Zu H
2 2 N 2
,,,,,, . m —————— . m ———— . m
2i—Monpy 2i—Z o~ —3i"H
H H /H
W, Zy H
+
Wi H Zu H H H
2 2 2
21‘me v o 21’1"}7““, —3721211
v N, v v

w— H Zy H H H

Easily derivable: (3 WiW =+ Im%2%) (1 + Hy?




E I eCt rOWGak Feyn man R u I es (all momenta outgoing)

wF
—IWW X [(kf — kg )PnHY 4+ (@ =k )HFnVP + (kg — (J)"n“”}
X, IWWz = gcosbyy IWW~ = ¢
Wy
wit XM
—iaww Xy Xy [20HV 0T = T qPT i 7]

_ G2
IWWyy = €
swwzz = 92 cos® oy
IW W~z = 92 cos Oy sin Oy
_ v g =-
w2 x4 WWW W 9
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Fermion masses: Yukawa terms

e Fermion mass terms —my(f, fr + frfz) forbidden by U(2); x U(1)y
gauge invariance

e Yukawa coupling is gauge invariant dimension-4 operator:

7 Ye H
ALyuk. = =Ye(Lr - $)eg — —%ELBR (1 + 7)

Again, Higgs boson couples proportional to mass:
f

1

,,,,,, .my
Yiv v
V2! >”

Hierarchy of Yukawa couplings according to fermion masses: Y; ~ 1,
Y;,T,b ~ 10_21 Y/,L,S ~ 10_3; Ye,l/,d ~ 10_5
Y, < 10719, but Majorana mass term Lyajorana = — 31, ° gV POSSible

. 1Yg? s dy
H~~v,Hgg couplings: - -c-HF,, F"
v 1672

my =
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Higgs: Properties and Search

gg Fusion tt Fusion
8

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

107 N

E \'s= 14 TeV;%
Complicated search: many 3 bl
channels !

o

o
high statistics necessary
~7v: mass determination

My 2 125GeV: ZZ* — el

L
100 200 300 400 500 1000
M, [GeV]




Hig

1

Higgs BR + Total Uncert
=)

=)

10°

ET =
3

100 200 300 400 500 00
M, [Ge!

Complicated search: many
channels

high statistics necessary
~7v: mass determination

My 2 125GeV: ZZ* — el
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gs: Properties and Search

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

10? EH
g F EH
2 1z
T 10 =
T 3
a [ 1
S Tt ]
T %

1E ey =

8 RS E

i ke ;
107 T E

1 | | | | | | | |
100 200 300 400 500 600 700 800 900
M, [Ge

==
=1
S




Higgs BR + Total Uncert

1

2,

=)

10°

ww

! |
10 120 140 160 180 200
M, [GeV]

Complicated search: many
channels

high statistics necessary
~7v: mass determination

My 2 125GeV: ZZ* — el
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Higgs: Properties and Search

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

8 N h — yy

8 JL dt=30fb" = tth(h — bb)

2 (no K-factors) T zz0 .
= ATLAS howw® - iy
T 107 = aan - aaww®

z 4 qah - qaw

& Total sgnificance

%\ N

10

,
180 200
M, (Gev/c?)
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Higgs:

5 E T i
2 : Production: gluon/vector boson fusion
£ ‘
P E decays predominantly into the heaviest
8 particles
o bb hopeless: background!
) ‘ ‘ Detection of rare decays
07500 720 10 160 el

600
Complicated search: many T‘ét’mo 2
o
channels : 5
high statistics necessary : 2 m
5 5000 g
. . P B
~v: mass determination £ g,
‘z 4000 “
My 2 125GeV: ZZ* — (et
110 120 130 140 10 120 130 140

mw(GeV) m(GeV)
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4.7.2012: The Discovery of the Higgs (?)

» After roughly 5 fo~! data from 2011 and 2012:
4.7.2012 CERN-Seminar: We have found a scalar boson at
125.3 £ 0.6 GeV
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DESY, 07-08/2013

» Rolf Heuer (CERN DG, 4.7.12): As a layman | would say we have it!

T T e e
%5000 CMS Preliminary —+— Data
O] Y8=7TeV, L=5.1 16" (MVA) SeBFi
[to} Vs =8TeV, L= 196" (Mva) " B9 Fit Component
~4000 J+to .
~ 20
I2]
g
23000
w
3
£2000
2
(]
2
~1000
[aa)
+
2 [
) 1 1 1 L 1
*n 110 120 130 140 150
m,, (GeV)
bﬁ " ATLAS Preliminary 2011 +2012 Data
B 10E  —obs. §=7TeV: [Ldt=4.64.81" 7
§ - EXp. s =8TeV: [Ldt=5.85.9 1"
= 10
E =20
3
&)
)
5
3
107 < E
CLs Limits
100 200 300 400 500 600
m, [GeV]

30

Events / 3 GeV

CMS preliminary
T

TeviL= 51!
TeV:L=196f0"

800
my, [GeV]

Local p,

Aghna
ATLAS Preliminary
Hory

Data 2041, 1s =7 TeV
Ldt=481"

Data 2012, 15=8TeV
Ldt=207 1"

Y I B T T T P B |
115 120 125 130 135 140 145 150

HIIREAIRENIA 1

my [GeV]
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2013: It's the/a/sort of Higgs(-like) WTF

» 2012 data: 25 fo—! = compatible with
EW precision

» Higgs compatible with EW precision
measurements:

» Higgs measurement by far not precise
enough!!!

Ry,

A
A(LEP)
A(SLD)

: 2 lept,
sin“O (QFB)

had

)
Ao (M)

T

RRRRRRRRERRRR}

o

T

[T fitter[.J!

0.0
-1.2
0.2
0.2
0.1
-1.7
-1.1
-0.8
0.2
-1.9
-0.7
0.0
0.6
0.9
25
0.0
-2.4
0.0
0.0
0.4
-0.1

3 2
(0, ~ Ormeas) / Omeas

fit

L
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Digitization Science Fiction

(1/N)dN/dicos 8l

T T T T T T AR
2- 2
s L
o
K] ) 1‘\\ T
3 \\ A
0 L 1 1 1 1 1 1 1
Qo a2 Q4 a6 08

Events /0.1

T T T T T T T T T
Hoyy —J =0 (SM) pdf —J° (100% gg) pdf
Nominal analysis ¢ J°- o (sm)fit @ J° = 2* (100% gg) fit
Backgroung systematic uncertainty

200

150

100

50

ATLAS Preliminary
0

I
Data 2012, Jl dt-207 b Vs = 8 TeV

1 ! 1 ! ! ! ! ! 1 il
0 01 02 03 04 05 06 07 08 09 1

|cos6*|
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Flavor, the CKM matrix, and CP violation

Three generations of fermions in Nature

Diagonalization of fermion mass matrices:

VY, Y] = Lydiag(m?,mZ,mf)Li,  v?YaY] = Ladiag(m3, m?,m})L}

Rotation of quark fields leaves a trace in the charged current:
a,W(LiLa)d, =0, WVerkmds

CKM matrix: unitary, experimentally

almost diagonal I

Three angles 012,013,023, ' Nz 4 R
one phase I am,
Phase violates CP (charge - 'i ! )
conjugation and parity) o LN :
After discovery of neutrino " m A |
oscillations: MNS matrix T T T R T

CKM describes flavor incredibly well




Part IV (3. Abend)

Gotterdammerung:
Beyond the Standard Model
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The Standard Model of Particle Physics — Doubts

— describes microcosm

Measurement Fit O™ 0"/

m,[GeVl 911875+ 0.0021 91.1875
I, [GeV]  2.4952+00023 2.4957
ob,Inbl  41.540+0.037  41.477 (em—m—

, 20767 +0.025 20744 |
A% 0.01714 £ 0.00095 0.01645
AP 0.1465+£0.0032  0.1481 fmm
R, 0.21629 + 0.00066 0.21586
R, 0.1721£0.0030  0.1722
ASE 0.0992+0.0016  0.1038
Al 0.0742
A, 0.935 fmm
A, o.e68
A(SLD) 0.1481 j—
sin%elP'(Q,,) 0.2314  j—
m, [GeVi 80.074
I [GoV] 2.001 fomm
m, [GeV] 17005 1.8 1713 m

(too well?)
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— describes microcosm  (too well?)

— 28 free parameters

fermion masses

die sie be
ue ce te
Vi —eieVaeVs ee e Te
[ Oy O R
neV meV eV keV MeVv Gev Tev

— form of Higgs potential ?

Hierarchy Problem
chiral symmetry:  dmj oc vIn(A?/0?)

no symmetry for quantum corrections to th
Higgs mass

750

500

250

SM? o A2 ~ MBane = (101)2 GeV?

A[GeV]

3 L 5 '9 '12 '15 = 20000 GeV?2 = ( 1000000000000000000000000000000020000 —
10 10 10 10 10 10

1000000000000000000000000000000000000 ) Gev2
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Open questions

Unification of all interactions (?)

Baryon asymmetry AN — ANz ~ 1079
missing CP violation

Flavour: three generations

, , o2 #(GeY)
— Tiny neutrino masses: m, ~ 37
— Dark Matter:
» stable o et &
) . Jrawat® O ke
» weakly interacting RS S
SZe g RICA
» mpu ~ 100 GeV s g s 4
S-S i .
. N o oy ap et &
— Quantum theory of gravity \% s e T S
=115 GeV

— Cosmic inflation ZJL) A (
. 73
- COSmO | Og |Ca| (e]0] nStant “This does not necessarily mean
that this is the Higgs mass!

Ghapus, 2000
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g“‘.ﬁsﬂ- .{.\g Hedtgf 5OSY
Wt T )
-1 Wiyt hﬂ.ro\" n AR Ty :W::n
swperwlop ‘“‘ " KSM“
" '% o*“ 5

P _)hnm

do ) henoy L
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Ideas for New Physics since 1970

(1) Symmetry for elimination of quantum corrections

— Supersymmetry: Spin statistics = corrections from bosons and fermions
cancel each other

— Little Higgs Models: Global symmetries = corrections from particles of
like statistics cancel each other

(2) New Building Blocks, Substructure
— Technicolor/Topcolor: Higgs bound state of strongly interacting particles

(3) Nontrivial Space-time structure eliminates Hierarchy
— Extra Space Dimensions: Gravitation appears only weak
— Noncommutative Space-time: space-time coarse-grained

(4) Ignoring the Hierarchy
— Anthropic Principle: Parameters are as we observe them, since we
observe them
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Supersymmetry (SUSY)

Gelfand/Likhtman, 1971; Akulov/Volkov, 1973; Wess/Zumino, 1974

— connects gauge and space-time symmetries @ ‘w

— Multiplets with equal-mass fermions and
bosons

= SUSY broken in Nature

o v =Y
—n

Standard-Teilchen SUSY-Teilchen

v o o ' — Every particle gets a superpartne
d s b Higsino

— Minimal Supersymmetric
J Standard Model (MSSM)
— Mass eigenstates:
Charginos: x* = H* W+
Neutralinos: ¥°=H,Z,5

Quis @ Lesoren (@ Keateicren swas () Seporen () SUSWcatteicnen
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SUSY: Success and Side-Effects

MSSM: spontaneous SUSY breaking 7
(SUSY partners in MeV range)

Breaking in “hidden sector”

A7) c—

Breaking mechanism induces 100 free e /' = O(1TeV)

parameters

solves hierarchy problem:
SMp o Flog(A?)

102 0 10° 100 10° 207 10 10° 102
1 (GeV)

G o — 246 GeV

Existence of fundamental scalars
Form of Higgs potential
light Higgs (Mg = 90 £ 50 GeV)
discrete R parity
» SM particles even, SUSY partners odd
» prevents a proton decay too rapid

» lightest SUSY partner (LSP) stable
Dark Matter %9

» Unification of coupling constants

vV VY VY
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SUSY: Success and Side-Effects

MSSM: spontaneous SUSY breaking 7
(SUSY partners in MeV range)

Breaking in “hidden sector”

A7) c—

Breaking mechanism induces 100 free e /' = O(1TeV)

parameters

solves hierarchy problem:
SMp o Flog(A?)

102 00 100 10 10° 102 104 105 208
1 (GeV)

G o — 246 GeV

Existence of fundamental scalars
Form of Higgs potential
light Higgs (Mg = 90 £ 50 GeV)
discrete R parity
» SM particles even, SUSY partners odd
» prevents a proton decay too rapid

» lightest SUSY partner (LSP) stable
Dark Matter %9

» Unification of coupling constants

vV VY VY
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SUSY: Success and Side-Effects

800
m [GeV]
700

600

500 |

300

200

100

MSSM: spontaneous SUSY breaking 7
(SUSY partners in MeV range)

Breaking in “hidden sector”

A7) c—

Breaking mechanism induces 100 free e ' = O(1TeV)

parameters

solves hierarchy problem:
SMp o Flog(A?)

vV VY VY

v

G o — 246 GeV

Existence of fundamental scalars
Form of Higgs potential

light Higgs (Mg = 90 £+ 50 GeV)
discrete R parity

» SM particles even, SUSY partners odd

» prevents a proton decay too rapid

» lightest SUSY partner (LSP) stable
Dark Matter 9

Unification of coupling constants
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What, if not SUSY?
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Higgs as Pseudo-Goldstone boson: Technicolor

Nambu-Goldstone Theorem: Spontaneous breaking of a global sym-
metrie: spectrum contains massless (Goldstone) bosons 1960/61

C0|0I‘: Adler/Weisberger, 1965; Weinberg, 1966-69

Light pions as (Pseudo-)Goldstone bosons of spontaneously broken
chiral symmetry

4
O(1GeV) CEEE———

4 Skala A: chiral symmetry
breaking,

Quarks, SU(3)¢

O(150MeV) | com—— 1) Scale v: pions, kaons, ...
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Higgs as Pseudo-Goldstone boson: Technicolor

Nambu-Goldstone Theorem: Spontaneous breaking of a global sym-
metrie: spectrum contains massless (Goldstone) bosons 1960/61

Tech nico |0 r: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984

Light Higgs as (Pseudo)-Goldstone boson of a new spontaneously bro-
ken chiral symmetry

4
o 4 Skala A: chiral symmetry
breaking, techni-quarks,
SU(N)re
0(250GeV)| i Skala v: Higgs, techni-pions

experimentally constrained, but not ruled out




78/89_____ Jurgen R. Reuter heoretical Particle Physics = D

Collective Symmetry Breaking,

Moose Models
Collective Symmetry Breaking:

Arkani-Hamed/Cohen/Georgi/Nelson/. .., 2001

2 different global symmetries; if one were unbroken
= Higgs exact Goldstone boson

Higgs mass only by quantum corrections of

2. order: My ~ (0.1)% x A
a
O(10TeV) N e— Scale A: chiral SB, strong
/ interaction
e e e P Scale I': Pseudo-Goldstone
l bosons, new gauge bosons
oG v Scale v: Higgs
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Little-Higgs Models
— Economic implementation of
collective symmetry breaking

— New Particles:

» Gauge bosons: Littlest Higgs

A//’ Z/7 W’ +

heoretical Particle Physics

Arkani-Hamed/Cohen/Katz/Nelson, 2002

A ! o
M [GeVIt 4 z "
. 1250 pEE
» Heavy Fermions: o+ T
T,U,C,... 1000 Pp
750 |- 7' v,C

» Quantum corrections to 500

My cancelled by

. ; h
particles of like 250 |- " t —
statistics wr==12

— discrete T-(TeV scale) parity:

» allows for new light particles
» Dark matter: LTOP (lightest T-odd), often

— “Little Big Higgs”: Higgs heavy (300 — 500 GeV)
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Extra Dimensions & Higgsless Models

— Motivation: String theory
’.) : H . H 30 _1q7
R\zgé‘ \:.o \\ ); 3 4+ n Space dimensions: Radius R ~ 10
Cm Antoniadis, 1990; Arkani-Hamed/Dimopoulos/Dvali, 1998
e Gravitation strong in higher dimensions

_— %// )””3 Particles in quantum well: Kaluza-Klein tower

. Production of mini Black Holes at LHC

» “Higgsless Models”: Higgs component
of higher-dim. gauge field

» “Large Extra Dimensions”: continuum of
states

» “Warped Extra Dimensions”: discrete,
resolvable resonances  Randaiisundgrum, 199

» “Universal Extra Dimensions”: also
fermions/gauge bosons in higher
dimensions
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Extra Dlmen5|ons & Higgsless Models

Motivation: String theory
3 + n Space dimensions: Radius R ~ 10717

cm Antoniadis, 1990; Arkani-Hamed/Dimopoulos/Dvali, 1998
Gravitation strong in higher dimensions
Particles in quantum well: Kaluza-Klein tower
Large Radus Production of mini Black Holes at LHC

Momentum States

Small Radius

» “Higgsless Models”: Higgs component
of higher-dim. gauge field

» “Large Extra Dimensions”: continuum of
states

» “Warped Extra Dimensions”: discrete,
resolvable resonances  randaiisundrum, 1999

» “Universal Extra Dimensions”: also
fermions/gauge bosons in higher
dimensions
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KK parity and Dark Matter

» typical Kaluza-Klein spectra

700
650
600

% 550
£

450

400

» Spectrum structure similar to SUSY, but shifted in spin

T

GgLo

w0

B(LO)

HLo
G0 —

W0
B

1/R = 500 GeV |

@ Lo

QLo = TLo
pitoy == U0 o
Lo

g0 4

mass

1050 F

1000

950

900

850 -

800 -

750

700

650 -

600 t

gLy

wt b

BL 1

G Y —
HLL —

wh b

(1,1)
Bgl‘l _

1/R = 500 GeV

11

QL
DL

LiLD
gLl

T
[TIESS

» Dark matter: lightest K K-odd particle (LKP)

Photon resonance

» Quote from SUSY orthodoxy:
“This is a strawman’s model invented with the only purpose to be
inflamed to shed light on the beauty of supersymmetry!”

(in 5D vector, in 6D scalar)
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Noncommutative Space-time e 2

— Assumption: non-commuting
Space-time coordinates  [Z,,%,] = 6,

Classical analogue: charged particle in lowest Landau level:
{zi, 2} p = 2c(B™1)i5/e
Low energy limit of string theory Seiberg/Witten, 1999

Yang-Landau-Theorem violated: Z — ~+, gg possible

Special direction in the Universe: I T
broken rotational invariance T deiae

K, =0.021; K, =-0.340

—— standard model
—B=(1,00)
— E=(1,00)

Cross sections depend
on azimuth

Number of Events

= Varying signals as
Earth rotates

— Dark Matter, cosmology, theoretical problems 12




Which
ich model? A Conspiracy Unmasked
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The Challenge of the LHC

Partonic subprocesses: qq, qg, g9
no fixed partonic energy

proton - (anti)proton cross sections
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The Challenge of the LHC

Partonic subprocesses: qq, qg, g9
no fixed partonic energy

proton - (anti)proton cross sections
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Search for New Particles C

T
109 evt/10 GeV
E JL£=100f""

Decay products of heavy particles:

> high-pr Jets
» many hard leptons i
Production of coloured particles ol

weakly interacting particles only in decays
i i l000 100 200 300 4‘;0 !
Dark Matter < discrete parity (r.r. xx) e 6

» only pairs of new particles = high energies, long decay chains
» Dark Matter = large missing energy in detector (£r)

500

Different Models/Decay Chains — same signatures

4th generation SUsY technicolor

+Universal extra dimension, little Higgs with T-parityj|
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Search for New Particles

Decay products of heavy particles: L—/ <
» high-pr Jets T

lr
» many hard leptons
Production of coloured particles lr @
weakly interacting particles only in decays

Dark Matter < discrete parity (z r, xx) b\ <

» only pairs of new particles = high energies, long decay chains
» Dark Matter = large missing energy in detector (£r)

Different Models/Decay Chains — same signatures

4th generation SUsY technicolor

+Universal extra dimension, little Higgs with T-parityj|
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Model Discrimination — A Journey to Cross-Roads

» Mass of new particles: end points of decay spectra

Eventsi1 Gey/100 "

-1-08060402 0 02040608 1
40 60 cos 6
ma) (Gev)

» Spin of new particles: Spin of new particles: angular correlations, ...

» Model determination: measuring coupling constants

= Precise predictions for signals and backgrounds
— kinematic cuts

— Exclusive multi particle final states 2 — 4 up to 2 — 10
— Quantum corrections: real and virtual corrections
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Outlook

» LHC: new era of physics
» New Particles, new symmetries, new interactions
» Dark Matter

» Interesting times!
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Outlook PAPIU DA U © magpamoc:
» LHC: new era of physics
» New Particles, new symmetries, new interactions
» Dark Matter

» Interesting times!

‘ ATLAS Preliminary 2011 +2012 Data
— Obs. 15=7TeV: fLdt=46451" 3 “Will man nun annehmen, dass das abstrakte Denken
g %5 =8ToV: flot=58507" 3 das Héchste ist, so folgt daraus, dass die Wissenschaft
und die Denker stolz die Existenz verlassen und es
uns anderen Menschen (iberlassen, das Schlimmste
zu erdulden. Ja es folgt daraus zugleich etwas fiir den
abstrakten Denker selbst, dass er namlich, da er ja doch
selbst auch ein Existierender ist, in irgendeiner Weise
distrait sein muss.”
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