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Plan

Field theory : a short remindgr

o

* free fields (KG details, Fermion)

e Scattering matrix in perturbation

* Wick theorem to Feynman rules

Why Monte-Carlo/automated tools?

Lagrangian to the Feynman rules

* Model file : Parameters, fields, gauge group and Lagrangian
* Running FeynRules

Demo
C. Degrande



Lagrangian density formalism

S — /d‘lxﬁé@maﬂ)r,...)

po[ynomial in the the fields and its derivatives

Equation of motion
Q,.(x) = b,.(x) + 6P, ()

0®.(z) vanishes at infinity

acliiw) ~ O (8(2?@)) =Y
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Lagrangian density formalism

oL
0P,

field conjugate  m(z) =

In field theory: it (anti-) commutes with the field
}ﬂf ~ both are operators!

Hamiltonian density  H (z) = 7.(2)®, — £(®,,0,9,,...)

L= / Pl (z)

H = /d?’:v’H (x)
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Harmonic oscillator

2

p 1 )
Hosc:— -

om g

with [¢,p] =  QM: Position and momentum are operators
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Harmonic oscillator

_ mwq L p
afr -

2 1 V 2mw 1
H, .. = p— + —mw2q2 » Hose =w | N+ 5
2m 2 N =da'a

with [¢,p] =  QM: Position and momentum are operators

[a,aT] =1 a,al = [aT,aT} =0
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Harmonic oscillator

_ mwq L p
aT -

2 1 V 2mw 1
Hosc — p— -+ —mw2q2 P Hosc =w | N + 5
2m 2 N =da'a

with [¢,p] =  QM: Position and momentum are operators

[a,aT] =1 a,al = [aT,aw =0
it N|a)=ala) then Na @) = (a—1ala), Na'la)=(a+1)a'|a)
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Harmonic oscillator

_ mwq L p
aT -

p? 1 5 5 2mw 1
Hosc:—+_qu W HOSC:W N+§
2m 2 N =a'a

with [g, p] = QI\/I PoS|t|on and momentum are operators

[MJ‘] =1 a,a] = [a',d"] =

if N|a)=ala) then Na |a) = (a—l) ]oz> Na T‘ > (o + )aHoz}

N is positive definite, therefore it has a non-negative minimal

eigenvalue aq \ atalag) = ag |ao)
A ~Na

Therefore alag) =0 —apd—p oy =0
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Harmonic oscillator

_ mwq L p
aT -

2 1 V 2mw 1
Hose = P + —mw?q° » Hose =w | N+ 5
2m 2 N =da'a

with [g, p] = QI\/I PoS|t|on and momentum are operators

[MJ‘] =1 a,a] = [a',d"] =

if N|a)=ala) then Na |a) = (a—l) ]oz> Na T‘ > (o + )aHoz}

N is positive definite, therefore it has a non-negative minimal

eigenvalue ao \ atalao) = ap o)
A ~Na

Therefore a|ag) =0 —apd—p» ag =0

at)” 1
Eigenvalues of N are integers |n) = {% 0) E,=w <n +5
" C. Degrande



Klein-Gordon field

L= % (aﬂqﬁﬁ“gb — m2q52)
(@+m?) ¢ (x) =0 @) =9
{Real field becomes an hermitian operator“

C. Degrande



Klein-Gordon field

L = 1 (aﬂqﬁ(‘?“gb — m2q52)
(D+m)¢()—0 m(x) = ¢ ()
Real field becomes an hermman operatorw
Equal tlme commutation relations

:gb(X,t),qb(X t)_ =40 (x — x')
@ (x,1), ¢ (X', )] = _q.ﬁ(x,t), gb(x,t)_ = ()
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Klein-Gordon field

L= % (8, 00"d — m?p?)
(@+m?) ¢ (x) =0  m@) =@
{Beal field becomes an hermitian operator

Equal time commutation relations

_gb(x,t), ¢ (x',t)| =10 (x —x)

6 (x,t), ¢ (X, 1) = |d(x,1), ¢ (x, )| =0

Periodic boundary conditions ¢ (0,z,y,t) = ¢ (L, x,y,t), etc.

I \/2Vwk
2T
k:f(nl,ng,ng), niEZ wk:koz\/mQ—k2
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Klein-Gordon field

L = 1 (aﬂqﬁﬁ“gb — ngbQ)

(D+m)¢()—0 m(z) = ¢ (x)
Real field becomes an hermman operatorﬁ

Equal tlme commutation relations

b (x,1), d(x',1)] =6 (x —x)
6 (x.1), 6 (1) = [d(x.1). S 1)| =0

Periodic boundary conditions ¢ (0,z,y,t) = ¢ (L, x,y,t), etc.
o7 (2) ———p a(k)e* 4 al (K)eih

" AV
2T | |
k:f(n1,n2,n3), n; € Z cuk:lcoz\/mQ—k2
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Klein-Gordon field

= 1 (aﬂgb@“gb — ngbQ)
(D+m)¢()—0 m(z) = ¢ (x)
Real field becomes an hermman operator“

Equal tlme commutation relations
_gb(x t), ¢ (x, t)_ =40 (x — x')
¢ (x,1), ¢ (X', 0)] = |¢(x,1), ¢(x,1)| =0

Periodic boundary conditions ¢ (0,z,y, ) = ¢ (L, y,t) etc.

2T
k:—(nl,ng,ng), TLz'EZ wk:koz\/mQ—k2
C. Degrande



Klein-Gordon field

Commutation relations on the field and its conjugate imply

[CL (k) ,CLJr (k/)} — 5kk’

a (k) ,a (k)] = [af (k),a" (K)] =0 One H.O. per mode!

Occupation number operators:

N (k) =a' (k)a
1) ' 90

Creation and annihilation operators of
particles with momentum Kk

1
H=7% w (N(k) ™ 2) Confirm the interpretation
k

C. Degrande



K-G field: vacuum

1
a(k)[0) =0, all k Eo= ) wi
k

Infinite energy of the vacuum state !
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K-G field: vacuum

1
a(k)[0) =0, all k Eo= ) wi
k
Infinite energy of the vacuum state !

Solution: Normal product
N [p(@)p(y)] = ¢ (2)d" (y) + ¢~ (2)¢" (y) + ¢~ (¥)d" (x) + ¢~ (2)¢™ (y)

Redefine the Lagrangian and all observables as their normal
product, then the vacuum has zero energy, ...
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K-G field: vacuum

1
a(k)[0) =0, all k Eo= ) wi
k
Infinite energy of the vacuum state !

Solution: Normal product
N [p(@)p(y)] = ¢ (2)d" (y) + ¢~ (2)¢" (y) + ¢~ (¥)d" (x) + ¢~ (2)¢™ (y)

Redefine the Lagrangian and all observables as their normal
product, then the vacuum has zero energy, ...

One particle state a' (k) [0)

Two particles state a' (k)a' (k') |0)

many particles in the same state = Bosons
C. Degrande



K-G field:covariant commutation relations
(6t (2), 6t (v)] = [¢~ (z),6~ ()] =0
B(x), 6(y)] = [67 (), 0~ ()] + [0~ (2), T ()]

C. Degrande



K-G field:covariant commutation relations
(67 (), ¢t (v)] = [0 (2), 6™ ()] =0

d(2), 8(y)] = [T (2), 0™ (¥)] + [¢™(2), 0™ (v),

9T (x), 0" (v)] = % Z \/u% la(k),a’ (K)] e ihetik'y V200 j At

kk’
—1 d’k _,
AT (z) = : — etk
2(27‘(’)3 Wi
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K-G field:covariant commutation relations
(67 (), ¢t (v)] = [0 (2), 6™ ()] =0
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K-G field:covariant commutation relations
(6t (2), 6t (v)] = [¢~ (z),6~ ()] =0
B(x), 6(y)] = [67 (), 0~ ()] + [0~ (2), T ()]
6t @)~ W)] = 55> riwk, [a(k),af (K)] e=hetity V22 A% (2 y)
—1 k.

+ — i 1kx
AT@ =505 | W €
9 (2),07(y)] = AT (y—2) = A7 (z —y)
P(x), p(y)] =iA(x —y) =1 (A+ (x —y)+ A" (z— y)) — (2::)3 % sin kx
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K-G field:covariant commutation relations
07 (@), 0% (v)] = [¢7(2), ¢~ (y)] =0
[9(x), o(y)] = [¢F (@), 0~ ()] + [0~ (2), 67 (v)]
6* (@), ()] = 5o 3 ——— [a (k) ,af (k)] e FHEY V2 A+ (o )

' 3
+ p— ! ﬁ —ikx
AT (x) = 227 | o e

¢ (2),¢"(y)] =-AT(y—2)= A" (z—y)

6(@), o)) = iA (¢ —y) =i (AT (@ —y) + A~ i [k

——sinkx

J’Solution to K-G eq. (O4+m*)A(x—y)=0

C. Degrande



K-G field: commutator function

1 —ikx %ko

+ — 4k €
A~ (z) (27)4 /Cj: d k2 — m?

-
R
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K-G field: commutator function

1 —ikx %ko

+ — 4k €
A~ (z) (27)4 /Cj: d k2 — m?
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K-G field: commutator function

Sko

A% (2) = — / P
VTR ot T

A (z) = [ e m /‘\ - Rk
2m)* Jo© k2 —m? —wp, W

Microcausality

p(x,1), 9y, t)] =iA(x —y,0) =0
By Lorentz invariance
[¢(x), p(y)] = iA(x —y) =0, for (z—y)*> <0

C. Degrande



K-G field: Propagator

iAr(z) = (0] T {6(2)6(z')} 0} e s
/ p(x)p(z') ift >t \\x ’//
T{o(z)p(z)} = { oz )p(x) if t/ >t \ !

€T\ /'

C. Degrande



K-G field: Propagator

iAr(z) = (0] T {$(x)é(x')} 0 e 1mg

/ p(x)p(x') ift >t \\x ’//
TWW)}:{ ba)o(x) it >t \ ;

Since o -

iAT(z) = (0] [¢7 ()¢~ (2")] [0) = (0] 9™ ()¢~ (27) |0) = (0] $(z) (") |0)

e—ika:
iAp () = O(DA*(2) — O(—1) A~ () = — /C %

(27)4 k? —m?

Close by the top/bottom if Xo is + Sk
negative/positive

LN\,
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K-G field: Propagator

iAr(z) = (0] T {6(2)6(z')} 0} e s

/ p(x)p(z') ift >t \\x ’//

T {66} = { ) 0 - s \ ,
Since . -

iAT(z) = (0] [¢7 ()¢~ (2")] [0) = (0] 9™ ()¢~ (27) |0) = (0] $(z) (") |0)

1 e—ika:
. . + B - — L 4
ZAF(x) — H(t)A (x) 9( t)A (aj) — (27‘(‘)4 /C'F d kk2 — m2 e
Close by the top/bottom if Xo is + Sk

negative/positive Cr

— Wk e
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Fermion operators

{a,,al} = aml@alar = 0rs, {ar,as}={al,al} =0

C. Degrande



Fermion operators

{a,,al} = arai@aiar = 0rs, {ar,as}={al,al} =0

[Nra as] — _5rsa37 [Nra al] — 5?"SCLT

S

remains creation and annihilation operators but

C. Degrande



Fermion operators

{ar,al} = a,al(@ala, = 6.5, {ar,as}={al,al} =0

[Nra as] — _5rsas> [Nra al] — 5?"SCLT

S

remains creation and annihilation operators but

N? =alayala, = al (1 — alar) a, = N,

n-=0orn,=1

At most one particle in the same state = Fermion

Equivalently, the two particles states is antisymmetric
1,15) = alal]0) = —alal |0) = - [1,1,)

C. Degrande



Dirac field

_ y [0 —m]p(z) =0
L=vY(x)td —m|yY(x /W
VR —mlele) —— | @) = (@)
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Dirac field

_ y [0 —m]p(z) =0
L=vY(x)td —m|yY(x /W
VR —mlele) —— | @) = (@)

VE,
Dirac ‘ (m —m) W(P)EZ 0, (R+m)u.(p)=0]
algebra 1& u)(P)us(p) = vf(P)vs(P) = —drs;  u(P)vs(—P) =0

E, = \/m? + p?

e (P)ur(P)e™ P + dl(p)vr(p)e’?”]
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Dirac field

_ y [0 —m]p(z) =0
L=vY(x)td —m|yY(x '/w
VR —mlele) —— | @) = (@)

m
VE,

Dirac m-m) W(P)EZ 0, (R+m)v(p)=0]
algebra lﬂ u)(P)us(p) = vf(P)vs(P) = —drs;  u(P)vs(—P) =0

E, = \/m2 + p?
{cr(p),cl(p)} = {d:(p),dl(p)} = 0,5, {Other combi} =0

¢ (P)ur(p)e”?* + d(p)v,(p)e™”]

N (Yathp) = Ygvs + o g —Ygva +va s
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Dirac field

_ y [0 —m]p(z) =0
L=vY(x)td —m|yY(x '/w
VR —mlele) —— | @) = (@)

m
VE,

Dirac m-m) W(P)EZ 0, (R+m)v(p)=0]
algebra lﬂ u)(P)us(p) = vf(P)vs(P) = —drs;  u(P)vs(—P) =0

E, = \/m2 + p?
{cr(p),cl(p)} = {d:(p),dl(p)} = 0,5, {Other combi} =0

¢ (P)ur(p)e”?* + d(p)v,(p)e™”]

N (Yathp) = G108 + o305 o8 + o7
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Dirac field

Nr(p) o Cr(p)cr(p) Nr( ) o dT( )d (p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!
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Dirac field

N,(p) = cl(p)e-(P),  N.(p) =dl(p)d.(p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

ES

Majorana representation 74" = =7 vr = Uly,
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Dirac field

N,(p) = cl(p)e-(P),  N.(p) =dl(p)d.(p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian
Field theory predicts antiparticles!

Majorana representation 74" = =7 vr = Uly,

Similar for a complex Klein-Gordon field

C. Degrande



Dirac field

N,(p) = cl(p)e-(P),  N.(p) =dl(p)d.(p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

ES

Majorana representation 74" = =7 vr = Uly,
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Dirac field

N,(p) = cl(p)e-(P),  N.(p) =dl(p)d.(p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

ES

Majorana representation 74" = =7 vr = Uly,

Quantizing Dirac field with commutator leads to

H = ZEp (Nr(p) _ Nr(p))

C. Degrande



Dirac field

N,(p) = cl(p)e-(P),  N.(p) =dl(p)d.(p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

ES

Majorana representation 74" = =7 vr = Uly,

Negatlv
Quantizing Dirac field with commutator leads ﬁ!’el‘gy state
H = ZE N:(p))’

C. Degrande



Dirac field

Nr(p) o Cr(p)c’l“(p) Nr( ) o dT( )d (p)

H = ZE N, (p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

ES

Majorana representation 74" = =7 vr = Uly,

Negatlv
Quantizing Dirac field with commutator leads ﬁ!’el‘gy State
H— ZE N,(p))’

Microcausality requires the fields to commute or anti-commute,
K-G fields with Dirac statistics gives neither relation

C. Degrande



Dirac field

Nr(p) o Cr(p)c’l“(p) Nr( ) o dT( )d (p)

H = ZE N.(p))

Conserved charged from the U(1)
- QZ +(p)) symmetry of the Lagrangian

Field theory predicts antiparticles!

£

Majorana representation 74" = =7 vr = Uly,

. _ Neq.,.. -
Quantlzmg Dirac field W|th commutator Ieads ﬁf’el‘gy state

| 1

.h H = ZE (p)

|
Microcausality requires the fields to Commute or anti-commute
K-G fields with Dirac statistics gives neither relation

Spin-statistics theorem is a consequence of QFJgrande




Dirac fleld: fields commutation relations

{a(),¥s(y)} = {Yalz),¥s(y)} =0

(0@, 0T W)} =i (8 +m), A% —y) =iSH (@ —y)

{Va(2),¥s(y)} =iST(x —y) +iS™ (x —y) =iS(z — y)
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Dirac fleld: fields commutation relations

{a(),¥s(y)} = {Yalz),¥s(y)} =0

L (@), 0F )} =i (8 +m) 1 AF (2 — y)| = 5% (@ — )
Same as for K-G

{Va(2),¥s(y)} =iST(x —y) +iS™ (x —y) =iS(z — y)
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Dirac fleld: fields commutation relations

{a(),¥s(y)} = {Yalz),¥s(y)} =0

L6E@), 05 W)} = 108+ m), JA* (2 —y) = iS* (2 — )
Dirac algebra

{Va(2),¥s(y)} =iST(x —y) +iS™ (x —y) =iS(z — y)
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Dirac fleld: fields commutation relations

{a(),¥s(y)} = {Yalz),¥s(y)} =0

(0@, 0T W)} =i (8 +m), A% —y) =iSH (@ —y)

{Va(2),¥s(y)} =iST(x —y) +iS™ (x —y) =iS(z — y)

C\,
~SPo
A

. /_\ > Fepo
By \En/

C. Degrande



Dirac field: Propagator

iSr(x) = (0] T {9(

')} 10)

) e
o, Y(x)p(x')  ift >t
T {Y(2)b(a)} = { 7P lft,>t\ /

Sp(x) =0(t)S™(z) — 0(—1)S™ (z) =

d4p e P Bt m
(277)4 p? —m? 4+ ie

C. Degrande



INnteractions

Example: 0u — D, =0, —ieQA, in the Dirac Lagrangian

A (x) = Ay(x) + 0, f ()

0@) - ()

< — Gauge interaction

L=Ly+ L

Lo=N w(x) 8 — m]Y(z) — %8VAM(:I;)8”A“(:B)
L1 =N [eQi(a)4(2)] %
H=Ho+ H; i Hr=—L;

C. Degrande



Interaction picture

. d i — —i _
i |®(t) = Hi(1) |2(1)) Hj(t) = ettlolt=to) & g=itolt=to)

Schroedinger picture: only the states are time-dependent

Interaction picture: states are constant if there are no
interactions

Scattering matrix: [®(00)) = S|®(—00)) =5 [7)

Transition probability: [(f|®(c0))|?

*Consérvation of probébility SulP=1. (f|S|i) =Sy,
i = Unitarity of the S-matrix ;‘ il - 1o =5

Complete orthonormal set of states
C. Degrande



S-Matrix expansion
(1)) = Hy (1) [2(0)

[@(1)) = |i) + (—i)/_ dtyHr(t1) |®(t1))

C. Degrande



S-Matrix expansion
(1)) = Hy (1) [2(0)

[@(1)) = |i) + (—i)/ dtyHr(t1) |®(t1))

If H;(¢)is small (Perturbation)
B(1)) = |i>—|—(—i)/_ dtlHI(tl)\i>+(—i)2/_ dtl/_l Qo H (4 H (£) | B (L))

C. Degrande



S-Matrix expansmn
z— |D(t)) = Hi(t) |(t))

\‘P(t)>—\> (= i)/ dt Hp(t1) |2(t1))

If H;(t) is small (Perturbation)
(1)) = i)+ (—i) / Aty H (1) i)+ ( / it / Aoy () H (1) |9 (t2))

/ it / Yty / H (4 H (1) . Hy(t)

C. Degrande



S-Matrix expansmn
Z— |D(t)) = Hi(t) |(t))

\¢(t)>—\> (= i)/ dt Hp(t1) |2(t1))

It H;(t)is small (Perturbatioﬁcio
(1)) = i)+ (—i) / Aty H (1) i)+ ( / it / Aoy () H (1) |9 (t2))

/ it / Yty / H (4 H (1) . Hy(t)

_Z n' / dt1/ dts . . / dt,T{Hr(t1)Hr(t2)... Hr(tn)}

n=0

C. Degrande



S-Matrix expansmn
z— |D(t)) = Hi(t) |(t))

\¢(t)>—\> (—i)/ dt1Hp(t1) |2(t1))

If H;(t) is small (Perturbation)
(1)) = i)+ (—i) / Aty H (1) i)+ ( / it / 't Hy (1) Hy (1) | 0(1))

/ it / Yty / H (4 H (1) . Hy(t)

Earlier time on the right

_Z n' / dt1/ dits . . /Zdt{_f{HI(h)HI(tz)---Hl(tn)}

n=0

Boson/Fermion op. as it they commute/anti-com
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S-Matrix expansmn
Z— |D(t)) = Hi(t) |(t))

\¢(t)>—\> (= i)/ dt Hp(t1) |2(t1))

It H;(t)is small (Perturbatioﬁcio
(1)) = i)+ (—i) / Aty H (1) i)+ ( / it / Aoy () H (1) |9 (t2))

/ it / Yty / H (4 H (1) . Hy(t)

_Z n' / dt1/ dts . . / dt,T{Hr(t1)Hr(t2)... Hr(tn)}

n=0

OO

— i) /dm/d:@ /d:z:nT {Hi(z1)Hr(x2) ... Hi(zn)}

C. Degrande



Wick's theorem

to contribute to a transition|i) — |f), the element of S should
anninilate the particles in |:), create the particles in |f)and may
contain particles that are created and then absorbead
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Wick's theorem

to contribute to a transition|i) — |f), the element of S should
anninilate the particles in |:), create the particles in |f)and may
contain particles that are created and then absorbead

Easier if no intermediate particles, i.e. if S is a sum of normal
products (all annihilation op. on the right of the creation op.)
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Wick’s theorem

to contribute to a transition|i) — |f), the element of S should
anninilate the particles in |:), create the particles in |f)and may
contain particles that are created and then absorbead

Easier if no intermediate particles, i.e. if S is a sum of normal
products (all ann|h||at|on op. on the rlght of the Creatlon 0p. )

T{AAy... Ay}t = N [A1 4, ... A]

N A A As . Au g AN [ArApds A Al N [AiApAs . Aua 4y

“ + N [A1A2A3A4 A 1A+ -+ N[A1As LAy 3AL 2 AL 1A,
L1 L1

|

T where A(z1)B(zs) = (0| T {A(z1)B(z2)} |0)
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Wick's theorem

to contribute to a transition|i) — |f), the element of S should
anninilate the particles in |:), create the particles in |f)and may
contain particles that are created and then absorbead

Easier if no intermediate particles, i.e. if S is a sum of normal
products (all annihilation op. on the right of the creation op.)

T{A1As... Ay} = N[A1 Ay ... A
TN [Arda s Ay AN [AidpAs o Au s Aul N [A1daAs . A ]
F N [A1As A3 Ay .. Ap_1An] + -+ N[A1As ... Ay 3 A oA, 1A
l | 1 | L 1 I

T where A(z1)B(zs) = (0| T {A(z1)B(z2)} |0)
I f

Non vanishing contraction are propagators |

| P(r1)P(x2) = iAp(r1 — T2)

C. Degrande



Wick's theorem

to contribute to a transition|i) — |f), the element of S should
anninilate the particles in |:), create the particles in |f)and may
contain particles that are created and then absorbead

Easier if no intermediate particles, i.e. if S is a sum of normal
products (all annihilation op. on the right of the creation op.)

T{A1Ay... A} = N[A1Ay... A,]

N[A{AAs .. A, 1A |+N[A1AAs ... A, 1A |+ +N[A1AA;5... A,,_1A,
+[IL|23 1 An]+N [A1 A2 A3 1 Apl+- -+ N [A1 A2 As 1 A
+ N [A1AA3A, ... Ay 1AL+ -+ N[A1As .. Ay 34, 2 A, 1A,

e | ] L

T where A(z1)B(zs) = (0| T {A(z1)B(z2)} |0)
L1

Non vanishing contraction are propagators

P(r1)P(x2) = iAp(r1 — T2)
I

T{N[AB...],, ... N[AB...], } =T{(AB...),, ..(AB...), },

1 no eq. time. contr.
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The Feynman diagrams
S = i (=1)" /d:cl/dxg.../dajnT{’HI(a?l)HI(CEz)---HI(SCn)}

n!
n=0

_ i q(n)
n=0

C. Degrande



The Feynman diagrams
S = i (—nz')” /d:cl/dxg.../dajnT{’HI(a:l)Hj(Cvz)---HI(SUn)}

n=0

_ i g(n)

5<>_ Q/d49;N (¥Ap) d%N (" +o7) A++A)(¢++¢_))ml]

WAL L
(F15D1i) = 0

C. Degrande




The Feynman diagrams
S = i (—nz')” /d:cl/dxg.../dajnT{’HI(a?l)HI(CEg)---HI(CCn)}

n=0

_ i g(n)

S(l)—zeQ / o N |($A),, ] = ieQ / FoaN (57 +97) AT+ A7) (Wt +97)),,

No physical
AV > ~v< o i
\Zy \\A/Ny >,Wy <, |
(f] 5™ [i) =0
(a) (b) et (c) @ ¢

C. Degrande




The Feynman diagrams

q(2) _ —(

+ N

+ N

+ N

+ N

+ N

(ww)

($24)

(PAD),

x1 (%b)fl\w) 5’32:

(090),, (910),, | +N

(20),, (540),,,

(@), (),

D[ [aterdta [(40),, (40,

N [(40),, (PA0),,]

(0),, (40),,

C. Degrande



The Feynman diagrams

o2 _ |

+ N

+ N

+ N

+ N

+ N

(WW)

(10)

) [ [ = d%; N (@1, (04),,|

Two dlagrams like on the previous slide

(VAY),,

N (wzﬁw)m;

(A0),, (PAY)

(040),, (0A0),,

(04),, (94),,

TNV WAY),, WAY),, |

] N [@A), (91), |

C. Degrande



The Feynman diagrams
[ [ dtoidtean (@), (510), }

N[( * wa J N [w),, (),
T
,  \,

5(2) _ (QQ)Q

C. Degrande
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The Feynman diagrams

q(2) _ —(

+ N

(ww)

(PAD),

Q) [ [ atnidten [(@a0),, @210),,]

N [(40),, (PA0),,]

+ N

(ww)

(wzw)m_

~ Only topologically
- different diagrams

C. Degrande



The Feynman diagrams

q(2) _ _(

+ N

(ww)

(PAY)

_|_

| ww

M)m:

|+ N [(@Aw)m

Q) [ [ atnidten [(@a0),, @210),,]

(9A0),

21

]i

i_ Only topologically
different diagrams

| (21 = (0] e(2)e(1))

C. Degrande



The Feynman diagrams

(WW)

(VAY),,

| ww

M)x '

2—

— Q)Q / / d*z1d*zo ]

+N

d<2’1’|= (0] e(2)e(1)

;_ Only topologically
{ different diagrams

Mz

C. Degrande



The Feynman diagrams

g@ _ _| Q>2 / / dodeN | ($A),, (919),,]
FN | (@0),, (PA0),, |+ N |[(040), (04w),,
N (@), (wzw)m_

+ N [(@00),, (1), ] + N [(@20),, (910), ]

C. Degrande



The Feynman diagrams

N [ (Qﬁa)ﬁl\;ﬁ%g) (VoM 5o ¥o) :1:2]

1 l

(—1)?%@2)%?@($1)A;5(zl)}bﬁ(wl)@?p(ﬁz)A;Z(ﬁz)

(—1)Tr [iSp(x2 — x1) A" (21)iSp(z1 — 22) AT (22))

(1), (PAe),,]

| 3§

N (), (1Y),

C. Degrande



The Feynman diagrams

N [(¢a>4\aﬁ¢5)x (¢p>4\;rawo)a:2]
B

= (=1)Tr |iSp(z2 — x1)A ™ (1)iSp(z1 — 22) AT (22)]

4N (), (0e),, ~v~©*w
H - L——1 | -
+ N

(@), (5A0),,

C. Degrande



The Feynman diagrams

N [(¢a>4\aﬁwﬁ)x (¢p>4\;rawo)a:2]
AN

22)Ya (331)%1\;5(%)}#5(wl)ilﬁp(fvz)?‘l\@(fvz)

= (~DTr|[iSp (w2 — 1)K (22)iSr (@1 — )4 (22)]

4N (), (0e),, ~v~©*w
H - L——1 | -
+ N

(@), (5A0),,

C. Degrande



+ N

The Feynman diagrams

q(2) _ —(

+ N

+ N

+ N

+ N

(ww)

($24)

(PAD),

x1 (%b)fl\w) 5’32:

(), (P), |+ N

(20),, (540),,,

(o)., )]

Q) [ [ atnidten [(@a0),, @210),,]

N [(40),, (PA0),,]

(0),, (40),,

xz@ X1

C. Degrande




Feynman Rules

* |n momentum spaoe
Spi = 0gi+ (2m)"a(Py — Fi) ] V VE VE H 2chM

ext. F.

C. Degrande



Feynman Rules
e In momentum spaoe
s =op+ entoter =) T (7 T1 /M

ext. F.

e For each vertex
—1e@Qy" 7W‘<

C. Degrande



Feynman Rules

* |n momentum space
Si = dpi+ (2my'o(Py - P) ]] \/VE H 2VwM

ext. F.

e For each vertex
—1e@Qy" 7W‘<

Extracted by FeynRules from the Lagrangian
Used in MadGraph5_aMC@NLO

C. Degrande



Feynman Rules

* |n momentum spaoe
Spi = 0gi+ (2m)"a(Py — Fi) ] \/VE H 2va

ext. F.

e For each vertex
—1e@Qy" 7M<

. . . (@) p B ¢
 For each internal line —Ye8 N NN
k2 + ie
(/ p
B — m + 1€ - *

C. Degrande



Feynman Rules

* |n momentum space
Si = dpi+ (2my'o(Py - P) ]] \/VE H 2VwM

ext. F.

e For each vertex
—1eQy" 7M‘<

. . i, () 4 B <
e For each internal ling —"e5 NP NN
k2 + ie
(/ p
B — m + 1€ - *

Can be checked in FeynRules
Assumed in MadGraph5_aMC@NLO

C. Degrande



Feynman Rules

* |n momentum space
Spi = 8gi+ (2m

e For each vertex

e For each internal line

o(Py — P

DR | e

R
e For each external line

u(p) » - .

u(p) »> p

a)
5(k) kf\_/‘\./'\/("

ext. F.
—1e@Qy" 7M<
—Uap (W) i
k2 + ie
(/ p

—m + 1€ . *

v(P) +——

U(P) e——p

C. Degrande



Feynman Rules

* In momentum spaoe
St =0s + (2m)°0(Pr — B H ’/VE H 2VwM

ext. F.

e For each vertex
—1eQy" 7M<

e For eqgl i=t--==11=- — i1 A () p B ¢
Can be checked in FeynRules

Assumed in I\/IadGraphS aMC@NLO —
e For each external line

u(p) p > ) ?)(p) p - —e

U(p) o—» s UP) e e

(k) D (K)o
C. Degrande



Feynman Rules

In momentum space

Spi = 0gi+ (2m)"a(Py — Fi) ] \/VE H 2VwM

ext. F.

e Spinor factor ordered against the fermion flow
* Close fermion loop : -1 and Trace

e For each loop, integration over the momentum not
fixed by momentum conservation

[

e -1 for each exchange of fermions operators

C. Degrande



Feynman Rules

* |n momentum space

Spi = 0gi+ (2m)"a(Py — Fi) ] \/VE H 2VwM

In MG5_aMC@NLO

ext. F.

Spmor factor ordered agalnst the ferm|on flow

Close fermion loop : -1 and Trace

For each loop, integration over the momentum not

fixed by momentum conservation
[
(2m)*

-1 for each exchange of fermions operators

C. Degrande



