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- Electroweak interaction

- Beta decay and Fermi theory

- Parity violation

- Weak algebra and neutral currents
- Electroweak theory

- Spontaneous symmetry breaking

- U(1)

- SM

- Fermions masses

- Effective field theory

» Introduction
- Operators and interactions
- Interference

Exercices In
purple by hand
and in MadGraph

Connection to
pheno along the
way
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® Does the weak interaction explain why they are
rocky planets?

® |s the proportionality of the Higgs to fermion
couplings to their masses due to

e Parity
e (auge invariance
® Spontaneous symmetry breaking

e \Why are they so many muons produced by CR in
the atmosphere?
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e \Why is the proton stable and not the neutron?

e (Can | predict the W and z masses from low energy
data?
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Electroweak interaction



Pauli (1930) : + neutrino

C. Degrande



E and Spin conservation

Pauli (1930) : + neutrino
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Current x current Zr & Gpdy X iy,
prﬂn er 1%
FM = ?yﬂ

n destroyed and p, e, U created
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/S = Jd4x3
Dimensionless / 4\[‘ | = mass*

Z Dirac = l/_j}/ﬂa'ul/j, Wll/_/l//
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| = mass

[l/_/}/”l//l/_/}/ﬂl//] = mass® — (Gr] = mass™>
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>< 4F but in QED 3 3
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But in QED
- Always the same fermion _
- Massless gauge boson p - [vw ©
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Because V interaction
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Averaged value over the events
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X —= =X E— ¢ m,q are scalars
X = /’b—;’ —> “'.>_Z => E; —> ———\57
e
Z > _& Vector
B = R Axial vector or pseudo vector
fcyzp =< A/A + Uals P-conserving
> (4, 7D
AP — /t/»
Fry — T4
/1
18
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Axial vector spin~ L= xPp

S
Spin projector S 4 =%= -

Helicity projector PG v

m—e Kz/l— /z—_tXL

C. Degrande



'5,’" = & yh v = :F}SFZKL#‘(F\v‘P
- Pkt s R —T,

Ab - ?\0*“kr~?aroq-xgck

Maximal violating interaction (1958)
Feynman Gell-Mann Marshak Sudarshan

Weak interaction with the left only
WL s Max if
pT™M TN Ha|* o (]

My=+H

[ty o Fy [l 2o I o2 R L)
B MLY JH, 1 2 Re (1, 7, ) C. Degrande
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P R A A

Requests: pure left

massive Vector boson

changing particle flavour
L-?

Ce> VL e
\

All the generations but only the leptons for now

Ex : 5—(&-/,,4 — v, \’7:3 w  Farnd a-d ST

$= 4,5, So, Sev C. Degrande
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X4
In QED e Ty Local gauge symmetry
A =)

/‘I’

charge replaced by | ~

> — D=

Do not commute: non abelian

symmetry group close under commutation
—* - _3 ~{ O I/ o ‘
14/7-3_; (;_'_ [‘0 ()"2(0 ,(/4> %U(2>1U’@
T — =% (/ ol) et Ur@
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L~ 2SU(z)

changed currents and group > neutral currents

No charged currents with the right fermions

1) = o
Vi ZR N A’sua) T (2 x(&)/

SN T (e )
Not invariant under SU(2)
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[} U(/L)y

All particles in an SU(2) multiplet have the same charge
¢y c'.cx,__?é'fx)ﬁ: + < 8 Y B(x) g)/

B — B 4+ 2 O]
= Bo — 20 1B
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FNon Abelian/ &
e i T
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_ 7ve =2 — Not interacting, not in the SM

XMC = r,LUK é/(}/c Q@ A FX’"F—-\fVZ (Tg—s‘w C;;B/
- F e (Tt @)
fa >w»2 T2, @)
%W% fa 5w4u
Z- —
%z [y -5 s Esay
K/ Z(?/ (T / Sw <w
LS L LNy
/§/>W{W—j/‘w Z Ac I/ZX/A¥ Ne Xz/
L N\—\C/\// % .5(‘)44)
(-

C. Degrande



C. Degrande



< 7 f = 4—;)
HiZ 3 Q% =10 Gevz_;
e+ ?’ :

A
[P LHe L loype s

TEYATRA _

e S(=J) (9 ropdly g
=(Z) (Er> AR oy =y —<

S )
J — -,L-/'Ma/ @/ /,ép txf;/al/.oue

6D |
=(g))
Mo - 7 Mc'xtﬂ/ EW /ocp
° 6‘([3/5'—02"'> Z[)/((PP-’?/Z) 4+ =F e Jfé{/é/p‘u‘

C. Degrande




Gauge invariance implies massless boson
po= (E, ° 9 FB £, épiﬂ'o

WL (/‘/l,_"> U/\, (/JI/ =

S €. = w (F/ © Z £)
longitudinal, only if massive
otherwise transverse only

3 pt only

Pand )i R

= s A 5 (CNJHI)

3 pt and 4 pt

>< |MA+H,_+MS]D< <’S’b>
VV\?‘

s N ms&‘
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Electroweak symmetry breaking



b— e L& olx) & complex field or not charged

S AVl S N oF BT

scalar potential
Renormalisable = 4 2« ¢

Ve pt At g+ N (¢ 2> 0

/1,1,&7a —> 4CF>so
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O e2v? }"‘
ZT"/% 7N c v A A X T S5 A

(kN et ) 9 X

1 gauge boson of mass
2
1 real scalar field h of mass® = -2/~ > e

1 massless scalar field ¥ mixed with A

(\) Unphysical: removed by gauge transformation
Only derivative interactions: Goldstone boson(massless)
transforms linearly with the gauge « — X'+ ste

Massive vector = 3 d.o.f.=1 scalar + 1 massless vector
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symmetry Is restored
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S(}I(z)L X (/C/J_)y — V0

v

Broken — AP N@/ 3, 4 % SOGE, v 4

&= T+ Y __ 1neutral component a break EM

V= =M
¢ ) _ I
CF - (1/« tlS 4N/ = <<f3 > \)/[ v
e - chosen by gauge

Same potential

V(4= 42 79+ AEP)T o
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Protected by custodial symmetry, only broken by
gauge and Yukawa interactions

M 2uye solf

Fermi Z | o 2 o
_L_ L = 6= 5= 0.2%3
= o< P | = \‘Z/\/bz ()
m[m )N

A 2'7
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¥ . c”  Very soft
o (o, /f_{z Compton

< scattering
/A v F
SLO M/\<,_
F
Cr M % (
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\ g ~
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3 Goldstone bosons s 474—, 4>—-
0

3 broken generators
Sul?), & U(/L\y — Uty

3 + 4 —> 4

3 massive gauge vector bosons eat 3 d.o.f.

Unitary gauge: & = = = 4

At highenergy. v . ¢ ».
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Tt o He
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H (3¢

No unitarity violation at high energy
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Associated production

Vector boson fusion
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Was
o Depends on the Higgs mass
W'\é
one off-shell
, \
- </{: Golden channel L v >
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p / \ ' J—L\Q
W - ”(‘ /t/)\ v Y A/j( POI’OAL(’»P

consistency check

Double or more Higgs production but other diagrams
;> ,’/ > ’/’/ //}‘ )
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A3 Mostly from the Yukawa matrices!

3 generations
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Largest but QCD background
h—= 77 ho»cz |
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s pp

Loop induced
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Effective field theory



FFV

VVV

ttv

VVH

ttH

bbH

HHH
FFH(2nd)

How well do we know the SM?

1073 1072 10~} 10° 10!

LHC<LEP: QCD perturbative (¢) and non-pert.

(PDF,hadronisation), backgrounds, ...

LEP
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e Assumption : NP scale >> energies probed in experiments

> ¢

E

One assumption :  p* < m? -

CMS Preliminary

New/modified interactions B e b g
between SM particles 1N

1 1 IIIIIII
1 10

+ 102 2
u*u- mass (GeV/c?)
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L=Lsy + Z Z ASLL 04— SM fields & sym.
d>4 i
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Parametrize any NP but an « number of coefficients

Ny
C; .
L=Lsy+) ) w704 SMfields & sym.
d>4 i
® Assumption : e =<4 a finite number of
L= Lsn + Z %O? coefficients
; A =>Predictive!

¢ Model independent (i.e. parametrize a large class of
models) : any HEAVY NP

e SMis the leading term : EFT for precision physics

® higher the exp. precision => smaller EFT error
C. Degrande



Parametrize any NP but an « number of coefficients

Ny
C; .
L=Lsy+) ) w704 SMfields & sym.
d>4 i
® Assumption : e =<4 a finite number of
L= Ly + Z %O? coefficients
; A =>Predictive!

measure only C;/A*

¢ Model independent (i.e. parametrize a large class of
models) : any HEAVY NP

e SMis the leading term : EFT for precision physics

® higher the exp. precision => smaller EFT error
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mf J \ A
E.‘
bg s 24 Y
114[‘14
LHC exp field —
< o E

Validity: How far?
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X3 0% and g04D2
Qc | [ABOGYIGErGSH || Q, (¢T)? (0To) (Tpere)

& | ABCGGErGSE | Qun | (ple)O(ety) 010) (G ?)
Qw | eEWIW]ewEr |l Qup | (D e)” (¢!D,p) o' 0)(qpdrp)
Qv EIJKWl{VWI;]pwpKu

X2p? D2 X W22 D

Que | ¢loGAGH | Quy | (howe)r oWl oD, )1 ,)
Qus | ¢leGia™ | Q| (0"e)eBu (i D! o) (I,r'"1,)
Qew |  WloWL W Qug | (Go"Tu,)p Gy, Epyer)
Qv | ¢leWiLwh | Quw | (Go"u)T' g W}, " ar)
Q.p ol B, B* Qus | (340" u,)p B, (p1iD! ©)(@,m v q,)
Q5 o' p By B Qac | (Gpot'T4d,)p Gy, ' Uy )
Qowp | o't WLB" | Qaw | (o™ d,)T WL, dyy*d,)
Quvs | ¢ ToWLB" | Qus | (30"d.)e B 'D,p)(uyy"d,)

New interactions + param/field redefinitions
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(LL)(LL) (RR)(RR) (LL)(RR)
Qu (L yule) (L) Qee (epyuer)(€srer) Qe (Lyyulr) (@57 er)
W | @) (@) | Que | (@) (@yru) | Quo | (vl (@)
W | @ e) @) || Qua (dpyud,)(dsy*dy) Qid (L ypule) (dsy*dy)
Qi | W) @a) | Qe | (e @y ) | Que | (@700 (€ er)
QY | (L)@ ") | Qe (@ yper) (dsy™dy) Q4 (T gr ) (Usy* )
QLY | (@) (dard) | QR | (G T e @yt Tu,)
Q%) | (v Tuy) (dy* TAdy) | QY| (Gyuae) (dsytdy)
Q%) | (@, T4, (dy"TAd,)
(LR)(RL) and (LR)(LR) B-violating
Quedg (Ber)(dsai) Quug e*Megy, |(dy)TCuy] [(g37)TClY ]
Q| (@w)ein(@d) | Quau e [(q5) " Cqf*] [(u))"Cel]
QW | (BT u,)e(@TAdy) | Quag e*e jmerm [(q57)"Cql*| (7™ ClY]
Q.| (Hedem(@u) | Qau 25 [(d2)TCuf] [(u?)TCe,)
Q) | (Houwer )z (@ o™ uy)
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(LL)(LL) (RR)(RR) (LL)(RR)
Qu L) I ) | Qee | (Een)(@rte) | Qe | (Lyuls)(@nter)
W | () (@) | Quu | @)@y ) | Qu | () (s )
o | (@ a) (@ ) || Qua (dyyudy) (dsy*dy) Qua (Ll ) (dsy*dy)
QL | Grl) @) | Qe | @ue) @) | Qe | (@) (E7 er)
QY | Gt )@ T a) || Qe | @e)datd) | Q| (@) (@)
PRI Q0 | @) @id) || Q) | @nT ) @ T u)
><,, >_< QY | @ T ) d"TAd) | QW | (@par)(dydy)
Q%) | (@, T4, (dy"TAd,)
(LR)(RL) and (LR)(LR) B-violating
Qredq (He,)(dyad) Quug e [(dg)T Cull] [(q27)TCIE]
Qiona | (@u)en@d) | Quau e [(g29)TCqf¥] [(u2)T Cey]
QW | (BT u,)e(@TAdy) | Quag e*e jnerm |(¢57)TCql*] [(q2™)TC1Y ]
QY. | Weepn @) | Quu 51 [(d2)TCuf] [(u7)" Cef]
Q) | (Houwer )z (@ o™ uy)
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No neutral TGC (ZZA, ZAA)
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S:MS | | | | | 359fb (13 TeV_)
'_% % " Nonprompt ¢ Data %
~ 10° = Bvz \Pred. unc.=
2 F WW oWy -
o = . WWW/A =3.2 TevZlH(125) =
Lul c JA?=49Tev? 1 : :
s T B/A2=15Te‘\j_2 Drell-Yan = Cross-se_ctllons
10 b 1 and precision
s . 1 plummet at high
B S ——energy
1 LEY IV e T ey \.\ _; .
TST "~ EFT/SMis larger at
s 1s5F T ] 7 H.E. but so are the
T e | EFT errors
T - - ]
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Potential/self-coupling modification —”JL(%’V’; bRt b)) /%t_V)"
/\ ’4

Ve
/\ng (¢Tp)? S bl s - Xvi*‘%,‘fﬁ‘ e
Q.o (0T 00t 0) T O L
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Qep | (¢"D*)" (¢' D) T ZM,:M
2 (G- V2)3_> ol AR o e o fi
4 R I ~ e
i '; :‘:j_ / \\i‘é e .}m fa.;/;q,_aj”w
. L /
Field redefiniton > LpohZ % b ofL b= h(s + %)
FEh — Y (14 C—QED——/IZ_VZ) ;T jay e )orme dhaof

A
Mass redefinition ., v (4 WA ‘1 o) & xbevnaf fm;ﬁ

C. Degrande



Qep (¢Te) (lper ) break the mass-coupling relation
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SMEFT and interference



M (2)|* = |Msnr ()4 2R (Msar (2) Mg (2)) B | Mas ()] + . ..

- Contains :

- 1 dim6 insertion squared

- Interference wi Insertions
- Interference with 1 dim8 insertion

. ...at 1/A™°
+ Error (estimate)

usually

included

Dimension 8 basis: Li et al., 2005.00008

C. Degrande
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M ()" = [Msa ()] 2R (M (2) Mg (2)) | Mas ()| + ..
S D o@n

(0.0l)

O(1) 0(0.1) 10%
O(1) 0(0.5) 50% 0(0.25)

- Contains :
- 1 dim6 insertion squared
- Interference wi Insertions
- Interference with 1 dim8 insertion

. ...at 1/A™°
+ Error (estimate)

usually

included

Dimension 8 basis: Li et al., 2005.00008

C. Degrande


https://arxiv.org/abs/2005.00008

4F interfere only with qqg

ttbar, A=1TeV

5x1061 (— [ R L — T [ R [ R I
1X106 B .
f f 2
_g 5x10° - R \)
n L. P,
A4
] m.,v
N —
1x10% | _ - V2S A2
; | ~—
5x10% - i A4 Ky
T I T T T S (N T SO T SO N M SO S N AN IO RO I RO N N S B S AU
400 500 600 700 800 900 1000 A2
Ecm

— SM — ctG=3 (int) — ctu8=20 (int)

— ¢tG=3 (NP2) — ctu8=20 (NP2) C. Degrande



C, .
We measure 1o what isA?

SM+NP

= NP only 1/A®
Unitarity bound

SM 1/A°

Unitarity = A E

C. Degrande



F%rrgieel :inEdF)T We measure % what is A?
\ SM+NP
= = NP only 1/A®
Unitarity bound
, SM 1/A°
Unitarity = A E
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Fecise :. R T We measure % what is A?
{m el ind.) A

SM+>100%
Assume SM
+dim6 only

SM+NP
= NP only 1/A®
Unitarity bound

SM 1/A°
v Unitarity > A E
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Fecise :. R T We measure % what is A?
{m el ind.) A

SM+>100%
Assume SM
+dim6 only

Uit
allowed
SM+NP
= NP only 1/A®
' Unitarity bound
W ——— SM 1/A°
v Unitarity > A E
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Precise : EFT We measure % what is?
model ind.) A
SM+>100%
Assume SM
+diméonly
HH#&FiPy‘ +Form
allowed Factor
SM+NP
= NP only 1/A°
Unitarity bound
SM 1/A°
E

C. Degrande



(SM-like) Top decay

0 =i ("7 D,o) (QV*7'Q) + h.c.

C. Zhang, S Willenbrock, PRD83, 034008

J.A.Aguilar-Saavedra, NPB843, 683

+ one four-fermion operator for the hadronic decay

1 2
—2|M
SX|M

VEg*u(m? — u) o CH)v? N 4v/2ReCow Vipmemy  g°su
2(s — m?,)2 Vio/\? N2 (s — miy)?

(3)
4Cy" g*u(mf — u) Lo (/\_4>

_|_
N2 s—mE,




C(3) (3)

[ (t — betve)

C
bq Ciw gl 2

r Coy c 2

cay = Tsm+ 017551 4-0.235% | TeV e

¢q Ciw __ A+2.8 —2
[meas — 1421—8%2 GeV 4 W + 135? = 4_2.5TeV
sy = 1.33GeV
1 dI' . 3 2 3 2 § . 2
T dcosd — g(1 + cosf) Fg + 5(1 —CosO) FL + 2 SN 0 Fo
2 2 2 2 ng) ]
Fo— m  4V2ReCwVv® mimy(m; — my,) _ %1 _ 1.1f§-fTeV
m? + 2mg, N2 Vi (m? +2m2,)? ‘
£ 21y, 4+/2ReCyyv? memy (mi — m,)
T o mEyom, N2 Vi (m? + 2mz,)?

Fr = 0

—0.44 4+ 0.9TeV 2

A2

FgM™ =0.687+5 | ¢,
Fgreas™ = (.66 + 5
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(3)
4Cq” gu(mi — u)
N s—me,

Visg*u(m; — u)
2(s — m2,)?

_|_

1 2
ST IM|

0.01 ¢

0.001 -

dI'(GeV)

107 -

107 3

0 50 100 150
m(GeV)
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Azatov et al., Helicity Selection Rules and Non-Interference for

BSM Amplitudes, 1607.05236

As  |[R(ATD)[]|h(AZY))]
VVVV] 0 4,2
VVép| O 2
VVh| 0 2
Vi | 0 2

ppyyp | 2,0 2,0
Ppoe 0 0
PPPP 0 0

C. Degrande


https://arxiv.org/abs/1607.05236

Azatov et al., Helicity Selection Rules and Non-Interference for
BSM Amplitudes, 1607.05236

Ay [|R(ATY)]||h(AZPM)]
VVVvVvVv 0 4,2 V) 2.0 2.0
VVoo 0 2 VYo 0 0
V Vi 0 2 PPPP 0 0
Vo 0 2
M ()| = | Msar ()24 2R (Msar (2) Mg () H{| Mas ()| * + . .. +O(A7%)
O A° A AT
6(1) ~0 6(0.1) @ 6(0.03)
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Azatov et al., Helicity Selection Rules and Non-Interference for
BSM Amplitudes, 1607.05236

As ||R(AZY)] | IR(AZM)]
VVvVv 0 4,2 (XIEDXT 2,0 2,0
VVoo 0 2 (XI0Y0 0 0
V'V 0 2 PPOP 0 0
Vo 0 2
M (2)|* = |Msar(2)] |4 2R (Mg (2) Mg () +O(A™°)
AO ) A2 | ,%
6(1) ~0 6(0.03)

: | _
‘Assumlng O‘ C. Degrande



https://arxiv.org/abs/1607.05236

M ()| = |Msar ()| |+ 2R (Msar(2) Mjg(z)) H (| Mas(z)* + ...
A© * A2 O (A™%)

R (M () Mo(x)) = \/ [ Msar () | Mas ()] cos a L{\
/‘ “ >R

moma&spin Not always positive

Can be suppressed

Mgspr(z1) =1, Mgy (w2) =0
oo Y M) if Oint = 0
x Mag(z1) = 0, Mag(z2) =1

Observable dependent
C. Degrande



M ()| = |Msar ()| |+ 2R (Msar(2) Mjg(z)) H (| Mas(z)* + ...
A© * A2 O (A™%)

R (M () Mo(x)) = \/ [ Msar () | Mas ()] cos a L{\
/‘ “ >R

moma&spin Not always positive
Can be suppressed 1
Mgy (1) =1, Mspr(w2) =0
ooy [M(z)] jf Oint =0
x Mg (1) =0, Mas(z2) =1
- Observable dependent
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M ()| = |Msar ()| |+ 2R (Msar(2) Mjg(z)) H (| Mas(z)* + ...
A© * A2 O (A™%)

R (M () Mo(x)) = \/ [ Msar () | Mas ()] cos a L{\
/‘ “ >R

moma&spin Not always positive
Can be suppressed 1
Mgy (1) =1, Mspr(w2) =0
ooy [M(z)] jf Oint =0
x Mg (1) =0, Mas(z2) =1
- Observable dependent

oraxnl2 M?->M?>—iTM Oyl
C. Degrande



M ()| = |Msar ()| |+ 2R (Msar(2) Mjg(z)) H (| Mas(z)* + ...
A© * A2 O (A™%)

* 2 2 L\
%(MSA}Qx)Mda(w)) = \/ Mg ()™ | Mas ()| cos o &
L » R
moma&spin Not always positive >
Can be suppressed 1
Msn (1) = 1, Msp(z2) =0
oo Y M) if Tint =0
X Md6(581) :% Md6(CL‘2) =1
- Observable dependent

oraxnl2 M?->M?>—iTM Oyl
C. Degrande



n

G, = J QR(M,M,)d0 = | 2cosbdd =0

0 JO C. Degrande



o™ Qup Quo Quws Q) O Quw Qw Q) QW o @ oY oY Q)
WW v v v v )/ v

SSWW+2j EW v v v v v v o)/ v v v v v (V)
OSWW-+{2j EW v v v v v v v (V) v v v v v v (V)
WZ+2j EW v v v v v v v v v v v v v v (V)
77-+2j EW v v v v v v v v v v v v v v (V)
ZV+2j EW v v v v v v v v v v v v v v
OSWW+2j QCD v v v v v v v v

WZ+2j QCD v v v v oo/ v v (V)
77Z+2j QCD v v v v v v v (V)
ZV-+2j QCD v v v v v v v v

Bellan et al., 2108.03199 C. Degrande



qqg>V or V>qq

. V>llorl>V

q9>qq
+ with 4q

1>l
ve~

h>VV or \3/V>h C. Degrande



Automated computation for BSM



C. Degrande



- Algorithmic

+ Less error prone

- Long

- fa_ i3
6,I/gsfa*173’27a’fa’37a’47

. w3 Ma
6ngfalaa4aaf327a'37ap2 p3 nM1,l~b2

aP1 P2 My, pe

w3 pha
Ha 3

+6igsfa1 ,a4,afa2,a3,ap1 p4 77/1'1 yH2

_6igsfa1,a2,afa3,a4,ap1 p2 77,“/17#2
+6ngfa17a37afa27a'4a

feeGL,GMPGH 5 4 gluons vertex

m3 . M4
a4,ap1 p3 77#1,#2
Ha 13 _
aP2 Pa My ,pe

+6igsfa1,a3,afa2, +

6195 fa, ,as,afaz,a4,a77u3,u4 P1-P3Mu1,ue — 6295 fas ,a4,afa2,a3,a77ﬂs,u4 P1-PaNpr, e — 6295 fas ,a4,afa2,a3,a77u3,u4 P2-P3Muy,ue—

67’98 fal ,a3,afa2,a4,a77u3,u4 p2 -p477u1 y2 +6?’gs fal 7a*2aafa'37a‘47

apg4pg2nuuu3
aP3 DY M s
P71 Py My i
oD DY M ua
apg4 pglnuz,us
aP5" DY M s
aplib3 PZI 77,“2 Ny

67:gsfa1,a4,afa2,a3,
67593 fal ,ag,afa3,a4,
6293 fal ,a4,afa2,a3,
6igsfa1,a2,afa3,a4,
67:gsfa1,a4,afa2,a3,
67:gsfa1,a2,afa3,a4,
67;93 fal ,a4,afa2,a3,

+67:gsfa1 ,a2,af33,
‘|’67:gsfa1 ,ag,afag,a4,ap2 Pa Myo,pa

M2 a4

M2 a4

_6fl:gsfa*17a37a’fa’2aa‘47a’p1 p3 n/,l,l,,U;3
H2_ U3

_6igsfalaa27a'fa’3,a*47ap]_ p2 n#l;/J'4

: w3 _ 2
_GZQSfa1,a3,afa2,a4,ap2 p4 77#1,,“4

. Ha_ U1
_67/gsfa1,a2,afag,a4,ap1 p2 77/"’2)/1’3
; H1_ a4
_Glgsfalaa4>afa2aa3aap2 p3 77/»‘/2)/1'3
H3_ M1
as,aP1 P2 Tuo,pa
m3_ M1

apl p2 77#1,#3

+6igsfa1,a3,afa2,a4,ap1 P3 Mui,us—
_67:gsfa1,a4,afa2,a3, 1Y +
_6igsfa1,a3,afa2,a4,aplf3p§2n,u1,,UJ4
aP1 Pa MNpa,pa—
_6igsfa1,a3,afa2,a4, 4 pht +
Ha_ 1
_67;gsfa1,a4,afa2,a3,apg3p§177,u2,,u4_

Ha 2
apl p4 77,“1,#3
+
; M2 H3
_6ngfa'17a4aafa27a'3a
apl p3 77,&2,#3
_6zgsfa1,a3,afa2,a4,ap2 p4 77;“’27“’3_
- 1 43
—619s fa,a5,afa0,a4,aP2 P4 Mo st

. . H2 M1 . M1 2
6ngfa1,a2,afa3,a4,ap/?flpZBn,uz,/m+67’98fa1,a3,afa2,a4,ap1 p3 77M3,,u4+6ngfa1,a4,afa2,a3,ap2 p3 77#3,,“4—'_

H2 i1

6?:98 fal ,a4,afa2,a3,ap1 p4 77,u3,l~b4

. B2 1 . p1 . 2 .
+67fgsfa1,a2,afas,a4,ap3 Py 77#3,,&4+67’98fa1,a3,afa2,a4,ap2 Py 77,“3,#4

67:98 fa1 ,az,afa3,a4,apgl pﬁfz 77#3,#4 +6i98fa1 ,a2>afa»3,a4,a77u1 Y7 77#2,#3 P1-P2 _6198fa1 ,ag,afag,a4,a77u1 »H3 77#2 yHa P1 'p2+
6igs fa ,as,afaz,a4,a77u1 e s, us P1 .P3+61gs Jax ,a4,afaz,a3,a77u1 3 s, g P1 P4 +6igs fa ,a4,afaz,a3,a77u1 s o, paP2-P3T
619 fa1 ,as,afaz,a4,a77u1 g Mo, us P2 P4 16195 fal ,az,afas,a4,a77u1 Ja s, usP3 .P4—61g5 fa1 ,az,afas,a4,a77u1 3o, ua P3Py
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diagram 1

diagram 3

diagram 5

QCD=3, QED=1

QCD=3, QED=1

QCD=3, QED=1

diagram 2

diagram 4

diagram 6

QCD=3, QED=1

QCD=3, QED=1




Hadron colliders

9 Sump= 39,2} Ecal{N= 18 SumE= 40,6} Hcal{N= 8 SumE=

932 Date 930527 Time 20701 Ctrki{N=
0) Sec Ytx{(N= 0} Fdet{(N= 1 SumE=

Runievent 4033:
-0,11, 0,16, 0,50} Muon{N=

Ebeam 45,658 Evis 56,6 Emiss 34,7 WYtx (
Bz=4,350 Thrust=0,9470 Aplan=0,0052 Oblat=0.4832 Spher=0,0658

f

——— e S
——— .
. .
= S

K

510 20 50 GeV
[ T T |

0,0000,

Centre of screen is {  0,0000,




Approximate
Feynman diagram

Beam of partons

Radiation from incoming partons
Primary hard scatter

Radiation from outgoing partons
Hadronization

Multiple Inter. / Underlying event

Feynman diagram

-. —wg.Nde



n Feynrules,...

o i +— o

w Madgraph,...

44— StandAlowe,...

W Madgraph,...

, HepMe

S Dephés,
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remaining of this lecture
n Feynrules,...

o i +— o

w Madgraph,...

44— StandAlowe,...

W Madgraph,...

Pa rtown evewnts

& BE—— TEYwlLg, ...
> .
Q‘qé 44— HepMC,...
C’q W chia,...

, HepMe

S Delphés, .

C. Degrande



Input : model.fr

Output : vertices
C. Degrande



FeynRules
outputs can be
used directly by
event generators

UFO : output with
the full information
used by several
generators

C. Degrande



Predefined
basis for most
ME

Coupling
(function of the
parameters)

Lorentz (Metric/Levi-
Civita tensors,
Momenta,Dirac

matrices)

C. Degrande



- Generic output with the full model information

- coupling_orders.py, parameters.py, particles.py,
write_param_card.py, __init__.py,

. verticei.p<

- decays.py

couplings.py, lorentz.py
No basis, all the lorentz
structures of the model

- CT vertices.py, CT _couplings.py (For NLO)

- Python module used in MadGraph, Herwig, Gosam, Sherpa

C. Degrande



(Frrmememeneeees® This is a template model file for FeynRuleg ****** )

(s |ndex definition ***r )
IndexRange|[ Index[Generation] | = Range[3]
IndexFormat[Generation, f]

(***** Parameter list ******)

M3$Parameters = { o _
} Definition of variables

(7" Gauge group list ™) in Mathematica syntaxe

M$GaugeGroups = {
J

(***** Particle classes list ******)

M$ClassesDescription = {

J
C. Degrande



M$ModelName = "my_new_model";

M$Information = {

Authors -> {"Mr. X", "Ms. Y"},
Institutions -> {"UC Louvain"},
Fmails -> {"XOuclouvain.be", "YQuclouvain.bel},
Date -> "01.03.2013",
References -> {"reference 1", "reference 2"},
URLs -> {"http://feynrules.irmp.ucl.ac.be"},
Version -> "1.0"
¥

Good practice for credit, issue(s) tracking

C. Degrande



Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum
IndexRange[ Index[Colour] ] = Rangel3];

IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

indices by the
explicite sum

C. Degrande



Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum

IndexRange[ Index[Colour] ] = Rangel[3];
IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

IndexStyle[ Colour, i ]; indices by the
IndexStylel[ Gluon, a J; .
explicite sum

Format:

C. Degrande



Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum

IndexRange[ Index[Colour] ] = Rangel[3];
IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

IndexStyle[ Colour, i ]; indices by the
IndexStylel[ Gluon, a J; .
explicite sum

Format:

Predefined indices: Lorentz, Spin, Spinl, Spin&

C. Degrande



M$Parameters = {
paraml == { optionsl },
param?2 == { options2 },

BlockName

|
OrderBlock Compulsory!

InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z
pole”

b

C. Degrande



M$Parameters = {
paraml == { optionsl },
param?2 == { options2 I,

+;

s
Value -> Sqrt [MZ"2/ 2+Sqrt[1\/IZ"4/4-Pi/ oqrt[2]*al
*MZ"2]],
TeX -> Subscript[ M, W],
Description ->"W mass"

b

&)
=

C. Degrande



M$Parameters = A
paraml == { optionsl I},
param?2 == { options2 I,

+;
aBEWM1 ==
ParameterType -> External
BlockName -> SMINPUTS _
) |—>
OrderBlock - 1 For the LHA cards
Value -> 127.9

InteractionOrder -> {Q:
Description  ->"Inverse of the EW.coupling constant at the Z
pole”

}s Dependence in the expansion parameters

C. Degrande




M$Parameters = A
paraml == { optionsl I},
param?2 == { options2 I,

+;
aBEWM1 ==
ParameterType -> External
BlockName -> SMINPUTS _
) |—>
OrderBlock - 1 For the LHA cards
Value -> 127.9

[ InteractionOrder -> {QED.-21}.]~_

Description  -> "Inverse of the ?Vilooupling constant at the 2
pole”

}s ‘Dependence in the expansion parameters|

C. Degrande




Inthe SM: QCD the power of g
QED the power of ¢

aEWMI1 =={ ...
InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z pole"

b

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

I

C. Degrande



Inthe SM: QCD the power of g
QED the power of ¢

aEWMI1 =={ ...
InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z pole"

b

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

. 9
}s e (nul,mnuz,ug T Ny, s Mz, s — 277u1,u277u3,u4)

2
1€°UN 1y i
252

W+
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Inthe SM: QCD the power of g
QED the power of ¢

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

b

yu=={...
InteractionOrder -> {QED, 1},

Description ->"Up-type Yukawa couplings”
}s
Such that masses have QED=0

= == — ,‘ . e s == e ——— = -M
‘However ¥ is not a small parameter!

C. Degrande



M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ

C. Degrande



M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ

£:£+Z%Oi+0(z\—4)

NP  the power of A~2 {NP, 2}

C. Degrande



M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ

£:£+Z%Oi+0(z\—4)

NP  the power of A~2 {NP, 2}

M$InteractionOrderLimit = {{NP,1}};

Max power per diagram of A=2 is 1
C. Degrande



M$ClassesDescription = {

spinl[1] == { optionsl },

spinl1[2] == { options2 },

spin2[1] == { options3 },
.

C. Degrande



WE 1/ ]M$ClassesDescription = {

== { optionsl 7},
== { options2 1},
== { options3 17,

C. Degrande



wr 12| M$ClassesDescription = {

== { optionsl 7},
== { options2 1},
== { options3 17,

Umque Id C. Degrande



ClassName->..., SelfConjugate->...,
Indices->...,QuantumNumbers->...,
FlavorIndex->..., ClassMembers,
Mass->..., Witdh->..., PDG->...,
Definitions->..., Unphysical->...,
Chirality->..., MajoranaPhase->...,
WeylComponents->...,
Goldstone->..., Ghost->..., ...(Formayt)

== { |optionsl]| },
== { |options2|},
== { |options3]|},

Unlque Id C. Degrande



F[3] == ClassName ->1q,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
Flavorindex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {(MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},

PDG -2 {2a 496},

C. Degrande



F[3]=={ ClassName ->1uq,
ClassMembers\, ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
Flavorindex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {(MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},

PDG -2 {2a 496},

C. Degrande



Generation index distinguishes
F[3]=={ ClassName ->uq, the class members

ClassMembers

-> 4, G, by,
Indices -> Index[Colour]},
FlavorIndex \-> Generation
SelfConjugate -> False,
Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -2 {2a 4,6},

C. Degrande



F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], [ndex[Colour]),
FlavorIndex -> Generation,
SelfConjugate -> False,
Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},

QuantumNumbers -> -—{Q > /31 .
PDG > (2.4, 6}, Same representation

C. Degrande



F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},

FlavorIndex -> Generation,
SelfConjugate -> False External parameters
Mass -> {Mu,({ MU, 2.55*"-3}, {MC,1.27}, {MT,172})},

Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 6},

C. Degrande



F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},

FlavorIndex -> Generation,
SelfConjugate -> False External parameters
Mass > (MU, 2.55*"-3}, {MC,1.27}, {MT,17_}},

Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 6},

} GeneriC label Mass -> {MW, Internal}

Mass -> {MZ, 91.188}
Mass -> {{MU,0}, {MC,0}, {MT, 174.3}}
Mass -> {Mu, {MU, 0}, {MC, 0}, {MT, 174.3}}

C. Degrande



F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
FlavorIndex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 61,

Not used in FR but by
} following codes

C. Degrande



Interaction eigenstates

V[1_] ==
ClassName -> Wi, FR does not export
Unphysical -fTrue, }——o>" them to matrix
SelfCOIljuga,te -> TPU.e, element COde

Indices -> {Index[SULW]},

FlavorIndex -> SULW,

Definitions -> { Wi[mu_,1] -> (Wbar[mu]+W[mu])/Sqrt[2],
Wilmu_,2] -> (Wbar[mu]{W[mu])/(L[*Sqrt[R]), Wi[mu_,3] -> cw

Physical fields

C. Degrande



U[ll] ==
ClassName ->ghB,
Unphysical ->True,
SelfConJuga,te -> False,

Ghost ->
Definitions -> {€hB ->-sw ghZ + cw ghA]}

) ClassName of the
S[a] = boson

ClassName -> 0,
SelfConjugate ->Tr
Goldstone

N

C. Degrande



M$GaugeGroups = {
UlY ==

ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson -> B,
Charge >Y

},...

SUSC ==
Abelian -> Halse,
CouplingConstant -> gs,
GaugeBoson -> (7,
otructureConstant -> f,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

1

C. Degrande



M$GaugeGroups = {

Abelian -> True
CouplingConstant -> g1,
GaugeBoson

},...

SUSC ==

Abelian -> False,
CouplingConstant -> gs,
GaugeBoson -> (7,
otructureConstant -> f,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

1

C. Degrande



M$GaugeGroups = {
Uly ==
ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson  -> B,
Charge >Y

},...

SUSC ==
CouplingConstant -> gs,
GaugeBoson -> (7,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

}
1
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M$GaugeGroups = {
UlyY ==

ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson -> B,
Charge >Y

},...

SUSC ==
Abelian -> False,
CouplingConstant -> gs,
GaugeBoson -> (7,
StructureConstant -> f,
Representations -> {T,Colour
SymmetricTensor ->dSUN

Associlated Index

15 Generator label
C. Degrande



FS[ A, mu, nu(, a)] >F5V = 0,A], — (9,,142 + gfabcAZA‘;

abelian

DC[phi, mu] D6 = 0,0~ ig AT

C. Degrande



1 _
LD = —5 GG, + idIpd
L =-1/4 FS[G, mu, nu, a] FS[G, mu, nu, al]
+ I dgbar.Ga[mu] .DC[dqg, mu]
FeynRules creates the "anti-particle name
Dot to avoid commuting the fermions

dgbarYGa[mul]¥T[a] "dq
Gal[mu,s,r] Tla,i,j] dgbarls,f,i].dqlr,f,j]

FeynRules restores the
iIndices internally

C. Degrande



In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ]
CheckMassSpectrum|[ L ]

Outputting the Lagrangian

WriteUFO[ L ] C. Degrande



In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model

LoadModel[ < file.fr >, < file2.fr >, ... ] All the model files should
be loaded at once

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ]
CheckMassSpectrum|[ L ]

Outputting the Lagrangian

WriteUFO[ L ] C. Degrande



In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ] o
CheckMassSpectrum[ L ] (0| 2L |fields)

Outputting the Lagrangian

All momenta are incoming
WriteUFO[ L ]
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In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

Ose
CheckKineticTermNormalisation[ L ]
CheckMassSpectrum[ L ] <O‘ 1L \ﬁeldgﬁ@ Y

Outputting the Lagrangian

All momenta are incoming
WriteUFO[ L ]

C. Degrande



CheckHermiticity[ L, options ]
CheckDiagonalKineticTerms[ L, options ]
CheckDiagonalMassTerms[ L, options ] } i)
CheckDiagonalQuadraticTerms[ L, options ]

CheckKineticTermNormalisation|[ L, options ]

1 1 1 [ 1 .
Q “¢a’u¢ — §m2¢2 5)\7/@)\ — —MAA o Z AWF"u o §m2AﬂAM

2
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CheckMassSpectrum[ L, options ]
C. Degrande



ExpandIndices[L, options]

GetKineticTerms[L, options]
GetMassTerms[L, options]
GetQuadraticTerms[L, options]
GetInteractionTerms[L, options]

SelectFieldContent[L, list]

C. Degrande



