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The general procedure

¥ ntroduce Fields & Symmetries
¥Construct a local Lagrangian density
¥ Describe Observables

¥ How to measure them?

¥ How to calculate them?

¥ Falsify: Compare theory with data



Fields & Symmetries



Matter content of the Standard Model
(Including the antiparticles)
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Matter content of the Standard Model

¥ Left-handed up quark,
¥ LHWeyl fermionu- ~(1/2,0) of so(1,3
¥ a color triplet:ui~3 of SU(3)
¥ Indices(u.)i~ with i=1,2,3 and' =1,2
¥ Similarly, left-handed down quank
¥uL andd,. components of &sU(2) doublet:Qx# =(u. ,dL) ~ 2
¥Q carries a hypercharge 1/3.~ (3,2) 1,3 of SU(3} x SU(2) x U(1)y

¥ IndicesQu«i» with #=1,2 ;i=1,2,3 ant1 =1,2



Matter content of the Standard Model

¥ There are three generation§« , k =1,2,3
¥ L otBs of indiceSisi+ (x)

¥ We know how the indicest,i," transform under
symmetry operations (i.e., which representations we hay
to use for the generators)



Matter content of the Standard Model

¥ Right-handed up quarkg:
¥ RHWeyl fermionur: ~(0,1/2) of so(1,3
¥ a color triplet:uri~3 of SU(3)
¥ a singlet o5U(2): ur~1 (no index needed)
¥ ur carries hypercharge 4/8r ~ (3,1) 413
¥ndices(ur)i-. with i=1,2,3 and' .=1,2 (Note the dot)

¥ Note that ure ~ (3*,1) -3



Matter content of the Standard Model

¥ Again there are three generationszx , k =1,2,3
¥ LotOs of indicesz+ (X)

¥ And so on for the other belds ...



Terms for the Lagrangian



How to build Lorentz scalars?
Scalar Peld (like the Higgs)

Real beld$
1 1 Nfote:'Lhe mass ?\imensio
n 282 of each term in the
§(y9$%l$ ém $ Lagrangian has to be 4!

Complex Peld$ = “5(&; + i&>)
%NS WB$" m$'$



How to build Lorentz scalars?
Fermions (spin 1/2)

Left-handed Weyl spinor

i TR L | U = (1 ! i)
Right-handed Weyl spinor pH = (1 | | i)
Il " R

Mass term mixes left and right

it R M R m( LR+ R L)

Dirac spinor in chiral basis

| 5 it gt ! mil o with =1 $° and $M=



How to build Lorentz scalars?
Vector boson (spin 1)

U(1) gauge boson (“Photon”)

1 1
- WP+ §m%‘b where F,, =0,A, —0,A,

Mass term allowed by Lorentz invariance;
forbidden by gauge invariance

Violates Parity, Time reversal, and CP

symmetry; prop. to a total divergence
$ doesnOt contribute in QED

In principle, there is a second invariant
1

1% . 1 UV po
4FW#“ with #/w — 56“ PO e

BUT strong CP problem in QCD



Gauge symmetry

¥Idea: Generate interactions from free Lagrangian by
Imposingocal (l.e. " =" (X)) symmetries

¥ Does not fall from heaven; generalization of Ominimal
couplingO In electrodynamics

¥Final judge Is experiment: It works!



Local gauge invariance
for a complex scalar peld

RTE H# 1 m*## is invariant under p — e ¢

What if now" =" (x) depends on the space-time’

n“(ei" (X)#)*u p(ei" (x)#) ! mQ(ei" (x)#>*(e| (X)#>
=" & a4 W # e War +d Aty mi#
— [ie" )" 1 (x) & + € @ #] fie” OmH (x) &+ € X aTtH] ! miH
= [Lie™" 0" T (x) & + e WA #lie” M (x) a# + € X a M H] ! miH
=1 je" DO 1 (x) & die” "ML (x) &
L je™" (I 1 (x) & ae ) &' v
+e g #aie” MUHIL (x) a#
e g #ad gy
| m2##
="u#at . mi# +nonzero terms - NOt INvariant under U(1)!




Local gauge invariance
for a complex scalar peld

Can we bnd a derivative operator that commutes with the gauge transformation?

Debne
where the gauge field A, transforms as
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Local gauge invariance
for a complex scalar peld

Can we bnd a derivative operator that commutes with the gauge transformation?

Debne Dyué — (0, * i[A, — Ouo(x)])[e ¢]
= 0[] + i[A, — da(2)][e" ) ¢]
Dy =tyu+ 1Ay, = @9, a(x) - g+ P, 0 + 1A, P —id,a(x)e™ ¢

— eia(az)aﬂgb + ’I;A”Gia(w)¢
= ¢@[9,p+ iA,)¢
Au ! Au 1n I u" — 6ZQ($)DM¢

where the gauge field A, transforms as



Local gauge Invariance
for a complex scalar peld

Can we bnd a derivative operator that commutes with the gauge transformation?
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e We call D, the covariant derivative because it transforms just like ¢ itself:
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Expanding the Lagrangian

D,o" D¢ — m°¢*¢ invariant under local U(1) transformation

[Dm! Dig—m?¢ 6 = 0,0 00+ iA (60,0 — ¢ 0,0) + ¢ 94, A" — m*¢ (bj

4 )

e Demand symmetry — Generate interactions
e Generated mass for gauge boson (after ¢ acquires a vacuum expectation value)

e Explicit mass term forbidden by gauge symmetry (although otherwise allowed):

m* A, A" — m*(A, — 0,a)(A, — 0,a) # m*A, A"

e Simplest form of Higgs mechanism

e Vector-scalar-scalar interaction




Non-Abelian gauge symmetry

Abelian Non-Abelian: component notation | Non-Abelian: vector notation
[ — cic(@) [] — pia(@)Th [] — pia(@)Th

¢ — Ud o' — U, ®" ® - UD

A, AlTg A,

A, — A, —d,« AT — UALTUT — £(0,U)U" A, —UAU - 2 (0,U)U"

F,, =0,A —0,A,
Fo—

F

o Invariant

FS, = 0,A% — 0,A% — gf** AD A,

FL, F" invariant

F, =08,A, —9,A, +iglA,, A,
F, —UF,U

Tr(F,, F*") invariant

D, =

"+ IgALTE




Conjecture

¥ All fundamental internal symmetries are gauge symmeétrie
See also the discussion in Schwartz!

¥ Global symmetries are just OaccidentalO and not exact.



Spontaneous Symmetry Breaking



The Higgs mechanism

¥The Higgs potential:Vi# & & +' (& &)2

¥ Vacuum = Ground state = Minimum of V:

¥ If %8>0 (massive particle}min = 0 (no symmetry breaking)

¥ If 98<0: & min = +V = +(9B/' )12
These two minima in one dimension correspond to a continuum of minimum values
SU2)\
The point& = 0 is now instable.

¥Choosing the minimum (e.g. at +v) gives the vacuum a preferred direction in isospi
space$ spontaneous symmetry breaking

¥ Perform perturbation around the minimum



Higgs self-couplings

In the SM, the Higgs self-couplings are a conseqguence of the Higgs potential after expansidn of
Higgs Peld H~(1,2around the vacuum expectation value which breaks the ew symmetry:

— p
1 |
Vg = pH H + I (H H)?! émﬁh2+ zmhh3+
\ y
with: m%b — 2771}2 : fU2 — _:LL2/77 NO'IE_:\_/=246 GeV is bxed by the
precision measures of G

In order to completely reconstruct the !
Higgs potential, on hasto 4 oo A
¥Measure the 3h-vertek: .ho .:"

via a measurement afiggs pair production h

! - — g

, ~3h 2N

¥Measure the 4h-vertek:
more difPcult, not accessible at the LHC in the high-lumi phas




One page summary of the world

Gauge groupy
!
Particle
content
|
!

Lagrangian
(Lorentz + gauge +
renormalizabléd)

SSB

SU3).! SUR2). ! UL)y

L s Matter L s ! Higgs Gauge
lJ|_00 " !LOO " h+00
Q= # (3,2)us|L=# (1,2)4 | H=# (1,2)1 | B | (1,1)o
d|_ e ho
Ug (3,1).43 er (1,1) > W | (1,3)o
dr (3,1) w3 I & (1,1) 0 G | (8,1)0
1 | | i} L 11
L=" zlGil..G- 4. QDQk+...(DyH) (DHH)" p*H H" ﬁ(H H)%+

a 0

¥H# H'+

2

¥ SU@)L ! UQL)y # UL)g
¥ B,W3# #,2° and WL W2# W* W*

¥ Fermions acquire mass through Yukawa couplings to Hig

Yk#GkH (UR)#







Scattering theory

| Cross sections can be calculated as

1 —
= 2 dPSMy ’

" We integrateover all Pnal state conPgurations (momeasta).
# The phase space (dPénly depend on the Pnal state particle momenta and mas.
# Purely kinematical

" We over all initial state conbgurations
# This I1s accounted for by the
# Purely kinematical

" The maltrix element squaredontains the physics model
# Can be calculated frorreynman diagrams
# Feynman diagrams can be drawn from thgrangian
# The Lagrangian contains all the model information (particles, interactions)



Cross section

. . . 1
The differential cross sectiond! = E||\/| 2d®,,

The Lorentz-invariant phase space:
- &pr

d! = (2m)*™ (pa + pp ! pr H (27 )32E

The Rux factor: F = (pa &py)?! P22




Decay width

The differential decay width: d! = IM |d"

2Ea

The Lorentz-invariant phase space

A, = (2m)"3' (p pr H (27) 32Ef

Rest frame of decaying particleE, = M,




Life time and branching ratio
Life time: T = I/F

(! f)

Branching ratio: BR(i ! f)=- (1 all



The model

, All the model information is included in the Lagrangian
" Beforeelectroweak symmetry breakingzry compadt

! 1 v 1 ) puv 1 a v
L= — _BMVB'LL o ZWMVWZ' o ZG,ung

4
3

+Z Ly (i’y“Du)Lf + €Ry (z'fy”Du)eé]
f=1

!
!
!
!
| T 23: _Qf (WMD/J)QJC + URf (z’*y“D,,)ué + CZRf (z’*y“D,,)dé]
| =

! + D,p DFo —V(p)

" After electroweak symmetry breakinguite largé
Example: electroweak boson interactions with the Higgs bdson:

2,,2

1 ecv
D,o! D*yp = -8, h8*h wtw—#
e = ok + 4sin? 9, * + 8sin f,,cos? 8,

e2 2

Z,Z"

v eV

\/1/ \/\/ “ by J )

Yy Yy ') | . ) FA Y S f1

7N\ /N L ALt F e f /
2SIn“ U, 4s1n“ ¢, cos< ¢,

e
— W W *hh
+ 4sin%6,, * +

Z,Z"hh .
8sin? 6,,cos2 6,



Feynman diagrams and Feynman rule

VVVVVVVVVVVVVVVVVVVYYY g

| Diagrammatic representation of the Lagrangian

! Electron -positron-photon (q = -1) N :iIII:IIAIIIl HYUMMJT
>‘~‘ r From the Lagrangian W;%{Q%
- usad7

" Muon-antimuon-photon (g = -/)

ut
>\~v A, ieqy”

7

| The Feymman rules are the building blocks to construct Feynman diagrams




Loop diagrams

Loops exist,
but their
contribution
IS often small

two interactions

four Interactions



Feynman diagrams and Feynman rule

From Feynman diagrams ta-M
!
|
External » «
particles /

Propagator

X

A, ieqy” j.{

Feynman rules

!

o B (Pa) (1! ') Ve, ()

iM i = :wsa(pa) (! iel'") us, (pp)

(™ We constructal PoseIe drgrameith the et of Tules at our dispodal 1
¢ " We can then calculate the squared matrix element gatthe cross sectiol



Feynman rules for the Standard Mode

o

o | 4B 2| F

6%~ | 4"5 % qq>z“; :V:i:“z

70| 4504 Vm
Ofpan| 415 0 >0 |anssll ﬁiiii
o | 2% 2>

(< %

Almost all the building
blocks necessary to
draw any SM diagram

QCD coupling much
stronger than QED coupling

$ dominant diagrams



Drawing Feynman diagrams |

Y .~ | QED 4 We can now combine building blocks to draw diagrams

* This ensures to focus only on the allowed diagrams

7 ~~ | QED “* We must only consider the dominant diagrams
w_| aE 4 Process 0. UU — 11




Drawing Feynman diagrams ||

S

o

YV v | 495% A
aqr 117y wrwy
o | 4504 | F
aaZ 11z | w'w z
&
7804 | 4"5 % >“” e
qq'w hww WWWW
Ypaa | 415 0 oo ases | S
qqg 999 9999
4"59 N | M | M
O 5% ... L}s 1}
(<% | qgn i | wwh | zzn

| Find out the dominant diagrams f
l
" Process 199! tE
l
l

" .Process 209! téh
!
|

" Process U@ ! tObE

| What is the QCD/QED order?
(keep only the dominant diagram



MadGraph5 aMC@NLO

¥ Check your answer onliné:
|

MadGraph5_aMC@NLOwebpage

¥ Requires registration



Web process syntax

Initial state
uu~ > bb~tt~-
Final state
uu~>bb~tt- QED=2

Minimal coupling orde
uu~> h> bb~tt~
Required intermediate particle

Excluded particle

Uu~>Dbb~tt~ [z a

uu~>Dbb~tt~ , I~ > w- b~
Specibc decay chal



MadGraph output

User requests a process
"g g>tt~-bb~ |

"ud~>w+z, w+>e+ve,z>bb~

etc.

SUBROUTINE SMATRIX(P1,ANS)
C
C Generated by MadGraph Il Version 3.83. Updated 06/13/05
C RETURNS AMPLITUDE SQUARED SUMMED/AVG OVER COLORS
C AND HELICITIES
C FOR THE POINT IN PHASE SPACE P(0:3,NEXTERNAL)
C
C FOR PROCESS :g->tt~ bb~
C
C Crossing lisg->tt~bb~
IMPLICIT NONE
C
C CONSTANTS
C
Include "genps.inc"
INTEGER NCOMB, NCROSS
PARAMETER ( NCOMB= 64, NCROSS= 1)
INTEGER THEL
PARAMETER (THEL=NCOMB*NCROSS)
C
C ARGUMENTS
C
REAL*8 P1(0:3,NEXTERNAL),ANS(NCROSS)
C

diagram 1 QCD=0, QED=4 diagram 2 QCD=0, QED=4

diagram 3 QCD=0, QED=4

MADGRAPHreturns!
" Feynman diagrars
" Self-contained Fortran code for |N#!
Still needed:
" What to do with a Fortran codéd?
" How to deal with hadron colliders?



Proton-Proton collisions |

| The master formula for hadron colliders

! :
| | = Fl dPS"™ dx, dxp fap (Xa) Fop (Xo)Mii |2
! ab

" We sumover all proton constituent¢a andb here)
|

" We include theparton densitiegthe f-function)

They represent the probability of having a par@mside the proton carrying a fraction
of the proton momentunh



PDFs: x-dependence

Quark-
Antiquark-

Gluon Pair

Quark

¥ Valence quarks
p=|uud !

0.8

HEPDATA
Databases

Qxx2= 72 GeVrx2
— upv CT10—(central)
__ downv  CT10—(central)




PDFs: x-dependence

Quark- = 2 [
Antiquark- o [0
Gluon Pair é 18 Qxx2= 2 L GeVix2
= i — upv CT10—(céntral)
.. downv  CT10—(central)
hor S gluon  CT10—(central)

Quark

Gluon

¥ Valence quarks
p:|UUd> N

¥ Gluond

carry about 40% of momentu!




PDFs: x-dependence

Quark- ~ ’
Antiquark- ) | oeanaces
Gluon Pair X 18 L Qwx2= 2 L Gevsx2
i i ’ — upv CT10—(central)
- ... downv  CT10—(central)
1.6 I~ ........ gluon CT10—(central)
-... upbar  CT10- (centm\)
14 downbar CT10—(central)
i ____ strange CT10- <centm\)
Quark .

¥ Valence quarks L
p:luu@ 0.8

¥ Gluond

carry about 40% of momentu

¥ Sea quarks

light quark sea, strange 4ea




PDFs: Q-dependence

Altarelli-Parisevolution equations

Quark- 2
Antiquark- o - [ hePoATA

Gluon Pair q | Databases

s - Qxx2= 2 L GeVx2

h: ] —_ upv CT10—(central)

- ... downv  CT10—(central)

e S gluon CT10—(central)

-... upbar  CT10- (centm\)

14 downbar CT10—(central)

Quark i ____ strange CT10- <centm\)

1.2 —

¥ Valence quarks L
p=|uud)

¥ Gluond

carry about 40% of momentu

¥ Sea quarks

light quark sea, strange éea




PDFs: Q-dependence

Altarelli-Parisevolution equations

Quark- 2
Antiquark- o - [ hePoATA

Gluon Pair < | || Dotabeses

X8 L Qre2= 10 | GeVsx2

= i ___ upv CT10— (cemtm\)

= ... downv CT10-— (cemtm\)

e gluon CT10— (cemtm\)

_._. upbar  CT10— (centm\)

14 downbar CT10— <centr0\)

Quark i ____ strange CT10- <centr0\)

1.2 —

¥ Valence quarks w
p=uud

¥ Gluond

carry about 40% of momentun

¥ Sea quarks

light quark sea, strange éea




PDFs: Q-dependence

Altarelli-Parisevolution equations

Quark- 2
Antiquark- o - [ hePoATA

Gluon Pair < | || Dotabeses :

X8 L Qre2= 100 | GeVs2

= i ___ upv CT10— (cemtm\)

____ downv CT10— (cemtm\)

e gluon CT10— (cemtm\)

_._. upbar  CT10— (cemtm\)

14 downbar CT10—(central)

Quark ____ strange CT10- <centr0\)

1.2

¥ Valence quarks w
p=|uud)

¥ Gluond

carry about 40% of momentur

¥ Sea quarks S

light quark sea, strange éea




PDFs: Q-dependence

Altarelli-Parisevolution equations

Antiquark- 8 _ [TrERpaTA :
Gluon Pair ~ N Datakygses ':
X 15 Qe#2= 1000} GeVis2
~— . .
= ___ upv CT10—(central)
... downv  CT10—(central)
e N gluon  CT10—(central)
_. upbar  CT10—(céntral)
14 downbar CT10—(central)
____ strange CT10-— (centra\)
Quark
1.2

¥ Valence quarks w
p=|uud)

¥ Gluond

0.4
carry about 40% of momentur 7 S~
¥ Sea quarks O G,

light quark sea, strange éea



PDFs: Q-dependence

Altarelli-Parisevolution equations

Antiquark- 8 L [Treroama ||\ :
Gluon Pair ~ ||| Databases][ \' :
X 18 L Qe+2= 10000 GeVex2
~— .
= ___ upv CT10—(central)
____ downv  CT10—(central)
e N gluon CT10—(central)
_. upbar  CT10—(central)
14 downbar CT10—(céntral)
____ strange CT10-— (cemtra\)
Quark
1.2 —

¥ Valence quarks w
p=|uud)

¥ Gluond

carry about 40% of momentul . : -
¥ Sea quarks T

light quark sea, strange éea



Proton-Proton collisions |l

| This is not the end of the storyi..
" At high energies, initial and bPnal state quarks and gl@ahsteother quark and gluons
" The radiated partons radiate themselves
" And so on.!
' Radiated partonsadronizé
" We observe hadrons in detectors




Input parameters

¥ In order to make predictions, the input parameters have to be pPxed!
Most importantly the coupling constants

¥ For N parameters need N measurements

¥ " =05?0r0.118P
Need to consider running couplings, i.e., take into account loop
effects!!
Otherwise very rough predictions!

¥ " =1/137 ~ 0.007 or 1/127 ~ 0.008?

¥ etc!



