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PART Il

Theoretical background
In HEP



General overview

Kinematics,

cross section,
luminosity,
detector efficiency
reconstruction

S
\

Scatteringumatrix

Lecture 1

of observed
eve

Num

|<i|S|f>|? = probability of
changing an initial state
|i> to a final state |j>

Number of reconstruced
top quark pairs

Experimental observable Eg:|i>=pp

|f>=top pairs (+X)

Quantum field theory
Lagrangians
eynman amplitudes

Lecture 2

mixing angles...
Number and nature of
particles
in SM
19 parameters,
12 fermions,
3 gauge interaction +SSB

Much more in SUSY... 3



Evolution operator

U(t,t)) : evolution operator in interaction representation

U(ts)) =Ulty, ) |0(1:));

d
dt

Schrodinger equation

J(ty,t:) = Vi(t)U(t, t;)
Where V/(?)is the Interaction Hamiltonian

o tf
Solution : Ults t;) =€ i J;. Vi(t)dt

In truth, slightly more tricky because on integration bounds : needs time

ordering to ensure causality... 4



Scattering amplitude

transition probability between
initial state |i>, attimet=-x
and final state |f>, attimet=+x
Pis = <f | i(+0)>|* = |<f |U(-c0, *+0) |i>]* = |Sg|?

S is the scattering matrix

Hamiltonian = E (kinetic) + V (potential=interaction)
Lagrangian = E -V
So interaction Hamiltonian = - interaction Lagrangian

Flnally . Important bit to know...
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Theoretical background

n->p+e+v m; =938,3MeV m=939,6 MeV Am=1,3 MeV
Small objects, smaller than nucleus — Quantum mechanics

Kinetic energy ~ mass (for electron)
Massless neutrino
Electromagnetic fields

— Special relativity
— Field theory

Number and nature of particles vary — Second quantization

Putting everything together : new formalism

(Relativistic) Quantum Field Theory 6



QFT 1n a nutshell

Classical mechanics
Euler-Lagrange equations
Time evolution of discrete coordinate x(t)

Poisson brackets {ZC@',ZCJ'} — {pi,pj} = 0, {%Pj} = 0i

e T

Quantum physics Special relativity+Field theory
Schrodinger equation (Maxwell EM)
Time evolution of wavefunction y(x,t) = Space-time evolution of a field
lw(x)|? : presence probability (continuous coordinates) ¢(x,t)

Observables become operators {o(z,1), 0(z, 1)} = {7(z, 1), 7(z/,£)} =0
Canonical commutation relations , ,
tole,t), (2, t)} = 0(x — )

[Z:, 2] = [pi,pj] =0, |24, D] = IR0y,

Quantum field theory
Field become operators ?p(x,t)
Observables becomes functionals

(1), 42, )]

Canonical commutation ’ ) ,: o
(O(x, t), w(x, t)] = io(



Relativistic equations

Require invariance une Lorentz Poincarré Symmetry
Boosts, Translation in space and time, Rotations

Link between spin and mathematical structure used to
reprensent it

Spin 0 : scalar (humber)
Klein-Gordon equation :

E?2 = 22 + m2ct -

h?

E—ih2, p—ihV

Or in covariant notations, natural units : (m° + 9,0") ¢ = 0
Spin 1 : 4-vector, Maxwell equation
Spin 2 : spinor field, Dirac equation



Field quantization

Plane wave solution for Klein gordon are of the form exp(-ikx) :

0,00 +mp =0 = I:(—?:k{])g — (ik)* +m ] ik —

— ko = i\/ k2 +m? = wy
General solution :
1 3 1 —ik &
o) = —— [Pk (e +aie™)
(2)z vV 2Wi ( ).

Field quantization : turns coefficients a, and a,*
Into operators Lo N i
Canonical commuations : [ﬂ-g y A ]:[ﬂ@- , A ]: 0 [ﬂ-@- y A ] = 0,51

. 1 /3 . ke et ik

o) = d” k (11.€ 1I—|—ﬂr EII

Plz) (2)2 ""KQM( ﬁ{lj )
(2)



Antiparticles

Negative energy solution arise from the quadratic equation
—not physical :

E= w:p(x)oxe™ i(wpt—Fk.T)

E — — Wy &“( ) ¢ —i(—wpt—k.T)

Energy is positive, absorb minus sign into the time
Particle moving towards negative time, with momentum -k

Antiparticle, moving towards positive time, with momentum k

1 -
olr) = d” k
Real field ¢ contains :
a, annihilation of particle with momentum k
a,* creation of antiparticle with momentum k

( —ikx 1+ &—kl—e-a.l.::r )

{1) (2)

10



Spinor solutions

helu:lte
—ikx k
() Ups brs €™+ v drq e’
5= 1 2 Y v VTN~
spineur op. spineur  op.
1 ;z'k:r — —ikx
T( E ',3 € + Uk s dk,,s €
s=1 \'\/—" N~ Y~
2 spineur  op. spineur op.

Field ¥ contains :
b, s annihilation of particle (e)) with momentum k and helicity s
dy s+ creation of antiparticle (e*) with momentum k and helicity s

Field ¥ contains :

b, ;* creation of particle (e) with momentum k and helicity s
b, s annihilation of antiparticle (e*) with momentum k and helicity s

11



Lagrangians

Free lagrangian : )
create and annihilate the field : a*ta > ¢ ¢, ¥, 0,070, ...

Interaction lagrangian : electron radiates a photon
Annihilate electron . o
Create electron and photon l b*ba - A,

In general, interaction lagrangian :

Products of fields : creation/annihilation operators
Coupling constant : interaction intensity

L = gll

12



Gauge Invariance

Free propagation : straight line

>
Interaction : locally curved trajectory Q//

Absorb the deformation into derivation : make the line
straight again

Modification of the metric : general relativity
Modification via internal space : gauge theory

D, =0, —194,

necessitates a massless vector field

13



Elementary vertices
Y~b +d*

Ao L=gunA,

L&?
s

btab

A\VAVAVAV

da™bh

ete™ —




SM Lagrangian (compact)
l "71-11-'-1.! > ‘h

e e B
LY S
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SM Lagrangian (expanded)
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Perturbative development

S_E‘Irﬂl dﬂl.

i/a [ Lde +SLE ([ £Lldvds’ + S [[[ £L/L drde'de” + N2 [ ([ £LL7 " deda da’da + . .

>w M?f WM%W

% «E:@ %
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Perturbative development
ff>ff
iva [ Ldr + 2k ff LL'drdr + & ‘"” fff LL' L drdr'dr” + ¢ ‘f ffff LLL"C"dxdr dz"dx" + . . .

X Ko
N LXK X e 1

XK %

S;; = <f|S|i> : select diagrams that connect |i>and |f> .
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Feynman diagrams

............. — . AN T

scalar boson

fermion (spinor) photon, W, Z gluon

gauge bosons (vectors)

19



Feynman diagrams

Transition probability
S;; = Phase space x Feynman amplitude

Kinematics Dynémics
(E/P conservation) (couplings)

Space-time diagrams < Feynman amplitude

do B 1 Pf
dQ) 64725 p,

2—2 process :

Myl

Each vertex is proportionnal to the coupling x charge
Each propagator (internal line) is proportionnal to 1/(m?-p?)

20



Feynman rules

Each line and each vertex correspond to a multiplicative factor

b:j
q=p+k = p’+k’
q°=s

g

o o
—iM s =2, (p')x 1 X [(A +B)+ (A—B) )/5] X LS X igsTj;yHX Sil(k)x us(p)

2v/2m,,
—99s

—iMy; =
i 2\2my; s

Te] (), (p)[(A + B) + (A — B)y®|fiy*us(p)
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LO Feynman calculation
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Feynman alculi\on (2)
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LO Feynman calculation (end)
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SM vertices : Weak interaction

Quy V] Qd7l_ Q7l_7l/l
X /0ty Wt W>/VW 7
q_d7 l+ q_m’?l q l+7pl
W= W+ A i~ Z [y
Z [y }i
W+ W~ wW- W+ Z[y
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SM vertices : EM Interaction

g,
X \/OCEM Y

g, 1"

strong Interaction

qcl 90152 g g
X /U
X vV g 90162 90153 X O
q_ég 96253 g g
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SM vertices : Higgs sector

q,l” W=, 72 W=,72 /h
A
x m —-— —h o M? —>— —h
\
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