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The general procedure

® Introduce Fields & Symmetries
® Construct a local Lagrangian density
® Describe Observables

® How to measure them!?

® How to calculate them!?

e Falsify: Compare theory with data
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Fields & Symmetries
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Matter content of the Standard Model

(including the antiparticles)

MATTER Hicas GAUGE
ur, vy, h+
Q — (3,2) 1/3 L — (1,2)_1 H — (1,2)1 A (].,].)0
dL €r, ho
Ui—i (g, 1)_4/3 6% (]_, 1) 2 W (]_, 3)0
dCR (g, ]_) 2/3 V]C% (]_7 1) 0 G (8, 1)0
ug, L %3 _ h~ _
Q° = (3,2).4y3 || L¢ = (1,2), | H= (1,2) 1 || A | (1,1)
d$ S hY
UR (3,1) 4/3 ER (1,1)_2 (1,3)0
dr (3, 1>-2/3 VR (1,1) ¢ G | (8,1)o
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Matter content of the Standard Model

® |eft-handed up quark uL:
® | HWeyl fermion: uLa~(1/2,0) of so(l,3)
® a color triplet: uLi~3 of SU(3).
® Indices: (UL)ix With i=1,2,3 and x=1,2
® Similarly, left-handed down quark d.
® uLand diL components of a SU(2)L doublet: Qg = (UL, dp) ~ 2
® Q carries a hypercharge 1/3: Q ~ (3,2)1/3 of SU(3)c x SU(2)L x U(I)y

® |ndices: Qgix with f=1,2 ;i=1,2,3 and &=1,2
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Matter content of the Standard Model

® There are three generations: Qi , k =1,2,3
® |ot’s of indices: Qipix(X)

® We know how the indices B,i,x transform under
symmetry operations (i.e., which representations we have
to use for the generators)
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Matter content of the Standard Model

® Right-handed up quark ur:
® RH Weyl fermion: Ura.~(0,1/2) of so(l,3)
® 3 color triplet: uri~3 of SU(3).
® asinglet of SU(2)L: ur~1 (no index needed)
® uRr carries hypercharge 4/3: ur ~ (3,1)a4/3
® |[ndices: (UR)ix. With i=1,2,3 and &.=1,2 (Note the dot)

® Note that Ur®~ (3%,1).4/3
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Matter content of the Standard Model

® Again there are three generations: Urk, k =1,2,3
® |ot’s of indices: URkic.(X)

® And so on for the other fields ...
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Terms for the Lagrangian
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How to build Lorentz scalars?
Scalar field (like the Higgs)

Real field ¢

Note: The mass dimension

1 1 term in the
5 M¢8M¢ . §m2¢2 of each th

Lagrangian has to be 4!

Complex field ¢ = %(901 + 1¢2)
0,0 0" — m*¢* P
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How to build Lorentz scalars?
Fermions (spin 1/2)

Left-handed Weyl spinor

it} 5" O H=(1,!")
Right-handed Weyl spinor gH = (1 | | i)
Z.@DEOM@M?#R

Mass term mixes left and right

it a0, + o 0,hr — m(Yig + Phir)

Dirac spinor in chiral basis

| ' "
| = !L .— T . 1 | O -
' " ittt mit o with =1 $ and $'= . 0
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How to build Lorentz scalars?
Vector boson (spin 1)

U(1) gauge boson (OPhotonO)

1 o1
| SFu FM + Zm?A AR where Fu = #,A, ! #A,

4 2 \

Mass term allowed by Lorentz invariance;
forbidden by gauge invariance

Violates Parity, Time reversal,and CP

symmetry; prop. to a total divergence
— doesn’t contribute in QED

In principle, there is a second invariant

1 _ 1
| ZFWI#“” with F,, = ST

BUT strong CP problem in QCD
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Gauge symmetry

® |dea: Generate interactions from free Lagrangian by
imposing local (i.e. ot = o¢(x)) symmetries

® Does not fall from heavens; generalization of ‘minimal
coupling’ in electrodynamics

® Final judge is experiment: It works!
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Local gauge invariance
for a complex scalar field

Oy @ " — m°¢*¢ is invariant under b — €.
What if now X = X(x) depends on the space-time!

0,(€°06)" 04 (£ g) — ()" ()
_ @L@ia(w) o+ elal(z) 5M¢]*[aueia(w) o+ glalz) "] — m2d* ¢
= [ie"*™0,a(x) - ¢ + D - 9,0 [ie" P a(x) - ¢ 4 M . GrP] — m2 g
= [—ie @9, a(x) - ¢* + e D) . 9,6 [ie" PO a(z) - ¢ 4 M) OHP] — mEp*p
= —ie ™9, a(z) - ¢ - i@ ora(z) - ¢
— e @9 a(x) - p* - ) L grg
4 e tal@) 0, 0" - ieia(w>au@(x) 0,
Lol L g g o) . g
—m¢"¢
= 0u¢ - 0"¢ —m*¢"¢ + non-zero terms - N ot invariant under U(1)!
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Local gauge invariance
for a complex scalar field

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

Define
D, =0,+1tA,,
where the gauge Peld4,, transforms as

A,V A" O
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Local gauge invariance
for a complex scalar field

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

D#! (Lu+i[Ay" 1" ODIE 4]
= 1 [e" O +i[A " 1" (Ol P#]
D, =0, + A, = je' (91 " (x) &t + @' 01 g+ A L@ O i1 (x)d! O
= &' 01 #+ iA€' g
= &' N #+ A #
AV A" 0, = ' ¥D,#

Define

where the gauge Peld4,, transforms as
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Local gauge invariance
for a complex scalar field

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

D#! (Lu+i[Ay" 1" ODIE 4]
= 1 [e" O +i[A " 1" (Ol P#]
D, =0y +1iA,, = je' (91 " (x) &t + @' 01 g+ A L@ O i1 (x)d! O
= &' 01 #+ iA€' g
= &' N #+ A #
Al A" O = ' p#

Define

where the gauge Peld4,, transforms as

Nota bene:

¥ We call D, the covariant derivativg because it transforms just like# itself:

#1 &' Xg and D#! € YD #
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Local gauge invariance
for a complex scalar field

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

D#! (Lu+i[Ay" 1" ODIE 4]
= 1 [e" O +i[A " 1" (Ol P#]
D, =0y +1iA,, = je' (91 " (x) &t + @' 01 g+ A L@ O i1 (x)d! O
= &' 01 #+ iA€' g
= &' N #+ A #
Al A" O = ' p#

Define

where the gauge Peld4,, transforms as

Nota bene:

¥ We call D, the covariant derivativg because it transforms just like# itself:

#1 &' Xg and D#! € YD #
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Expanding the Lagrangian

D #'DV# — M*#*# invariant under local U(1) transformations

[Dmb*D“ ¢ —m'Q"p = 0,0"0"d +iA($0,0" — ¢*0pd) + ¢" A, A" — m%%}

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 AY — m*(A, — dya) (A, — J,) # m*A AH

e Simplest form of Higgs mechanism

e Vector-scalar-scalar interaction
\_ Y,
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Non-Abelian gauge symmetry

Abelian Non-Abelian: component notation| Non-Abelian: vector notation
U= ¢"X U= ¢"2(0T8 U= " 20718

1" U o " U, P* " UP

Ay ARTE A,

Ayt A T # ART2 " UART?U ' (" U)U Ayt UALWU ! (" O)U

B ="pAr !t " Ay B = pARY AR gfabCAﬁAf Fu ="0A b "TAL+ iglA A
Fa " Fu Fu" UFLU

Fy Invariant Ei Fa¥ invariant Tr(F F ") invariant

D, =

"+ IgASTE
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Conjecture

® All fundamental internal symmetries are gauge symmetries.

® Global symmetries are just “accidental” and not exact.
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Spontaneous Symmetry Breaking
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The Higgs mechanism

® The Higgs potential:V =p2 ¢pip + A (pTP)?
® Vacuum = Ground state = Minimum ofV:

® If u>>0 (massive particle): @min = 0 (no symmetry breaking)

® If u2<0: Pmin = v = £(-p%/A)!72
These two minima in one dimension correspond to a continuum of minimum values
in SU(2).
The point ¢ = 0 is now instable.

® Choosing the minimum (e.g. at +v) gives the vacuum a preferred direction in isospin
space — spontaneous symmetry breaking

® Perform perturbation around the minimum
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Higgs self-couplings

In the SM, the Higgs self-couplings are a consequence of the Higgs potential after expansion of the
Higgs field H~(1,2)| around the vacuum expectation value which breaks the ew symmetry:

— )
1 |
Vi = W?H H + 1 (H H)?! émﬁh2+ zmhh3+
- J
ith: 2 — 2 2 = 2 Note: v=246 GeV is fixed by th
with: mh =21y VS = I L1 [ ote:v eV is fixed by the
precision measures of Gr
In order to completely reconstruct the - R
Higgs potential, on has to: h.
h
e Measure the 3h-vertex: | e
via a measurement of Higgs pair production h-.
- J
)\%\L/I — gmh

* Measure the 4h-vertex:
more difficult, not accessible at the LHC in the high-lumi phase
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One page summary of the world

Gauge group SU@B)! SU@) ! U@Q)y
Particle L s Matter L s ! Higgs Gauge
’ . ht
Content Q = # ULOO (3,2) 1/ 3 L = # Y (1,2)-1 H=# & (1’2)1 B (1’1)0
d|_ e hO
Ug (3,1).43 er (1,1) > W | (1,3)o0
dr (3,1) 23 VR (1,1) 0 G | (8,1)o
Lagrangian || -« g g'wi | QpQu+...(DH) (DMH)" 12H H* —(H H)?+ ... YisQH (ur)s
(Lorentz + gauge + 4 4!
renormalizable)
¥H# H'+ % 0
SSB ¥ SU@2)L! U@y # U()g
¥ B,W3# #,7° and W&,WE# W*, W#
¥ Fermions acquire mass through Yukawa couplings to Hig
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Scattering theory

| Cross sections can be calculated as
|
1 T
| = = dPSM My
! F
" We integrateover all Pnal state conbgurations (momeata).
# The phase space (dPénly depend on the Pnal state particle momenta and mas
# Purely kinematical
!
" We over all initial state conbgurations
# This Is accounted for by the
# Purely kinematical
!
" The matrix element sguaredontains the physics model
# Can be calculated frorreynman diagrams
# Feynman diagrams can be drawn from thgrangian

# The Lagrangian contains all the model information (particles, interactions)
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Cross section

1
The differential cross section: d! = EH\/I 12d!

The Lorentz-invariant phase space:

e | 1 " dgpf
| . = | )" |
d (2) (pa+ Po lepf)le (2! )BZE]c

The flux factor: F = (paapp)?! pipg
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Decay width

The differential decay width: d! =

1
2E 4

M |%d"

The Lorentz-invariant phase space:

1

I I dgpf
dl = 214" B (py )

Rest frame of decaying particle: F/,

— M,
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Life time and branching ratio

Life time: l — 1/'

(! f)

Branching ratio: BR(IT 1)=, (i1 all)




The model

l All the model information is included in the Lagrangian

" Beforeelectroweak symmetry breakin@ry compadt

|_—|

+

+

1
4

I

UTF

- Mw

1

Ig,.B™1 Twi w1 1ge g

4 K 4 Hr

2, (i4"D )L + @y (197D, )ef]

—

@f (iwaM)Qf + @n; (iwaN)ug + & (iwDM)dg]

—

L Dol V()

" After electroweak symmetry breakinguite largé

Example: electroweak boson interactions with the Higgs bdson:

Duot DFo—= La,hoth+ S wrwk 4 AN
e = % 4sin? g, * 8sin2 0,,cos260,,
S‘EV | 02\/ .
+— Y WrwHh+ __7,7"h
2sin“ 0, 4sin® 6,,cos2 6,
e? + e2
+ ——— W " W Hhh + Z,Z" hh .
4sin%9, * 8sin? 6,,cos2 6,
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Feynman diagrams and Feynman rules |

VVVVVVVVVVVVVVVVVVVYYY Y

4 Diagrammatic representation of the Lagrangian

< Electron -positron-photond = -/) / ‘ﬂlﬂﬂﬁﬂﬂ HYMM
}*‘ r From the Lagrangia '
< usad7

< Muon-antimuon-photong = -/)

+

L
A, ieqy”
u:

4 The Feymman rules are the building blocks to construct Feynman diagrams
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Loop diagrams

two interactions

four Interactions

Loops exist,
but their
contribution
is often small
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Feynman diagrams and Feynman rules ||

4 From Feynman diagrams ta-M

External » «
particles /

Propagator

Ay

ieqy” §

Feynman rules

iMy; = [@sa(pa) (—ier") usb(pb)} s ,/)2 [ﬂsz (p2) (—iev”) vs,y (p1)}

I+ We constructall possible diagranvth the set of rules at our disposal |
¢ <+ \We can then calculate the squared matrix element gatthe cross sectiof
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Feynman rules for the Standard Model

Jow | 495 %
aaJ 11 4 W W
6%~ | 4"5 % >“” o
aqZ 11z | w w 7
o
7800 | 4"5 % >”“ o
aqw | W WWWW
Oon| 415 0 DO anaokl, e
qqag 999 9999
4"5 % ... VR e W
G| TN S | T R
(<% |q5h i | Wwnh ZZh

Almost all the building
blocks necessary to
draw any SM diagrams

QCD coupling much
stronger than QED coupling
— dominant diagrams
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Drawing Feynman diagrams |

J I 'We can now combine building blocks to draw diagran
" This ensures to focus only on thelloweddiagramb
6%~ " We must only consider thelominantdiagrams

!
| Process OUD |

(?ED2 (subdominant
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Drawing Feynman diagrams |

Y w | QED _>”“ e
a9y I'l'y| WWy
Z ~~ | QED _>“_“ T
99Z 1UZ | w'w 7
we| e | A
W bw WWWW
g QCD | Do el | S
498 888 8888
— QED > e e
(m) gqh | WWh ZZh

| Find out the dominant diagrams for
| _
" Process |. 99 — tt
!
I

¥ -Process 2.99 — tth
!
!
' Process 3.u@! t@b8

| What is the QCD/QED order?
(keep only the dominant diagrams)
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MadGraph5 aMC@NLO

® Check your answer online:

MadGraph5 aMC@NLOwebpage

® Requires registration
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Web process syntax

Initial state
uu~ > bb~tt~
Final state
Uuu~>Dbb~tt~ QED=2

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

Excluded particle

Uuu~>Dbb~tt~ [z a

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

| User requests a process

"g g>tt~-bb~ !
"ud~>w+z, w+>e+ve,z>b b~
" 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 diagrams
Self-contained Fortran code for {N#!

!
| Still needed:

" What to do with a Fortran codd?
" How to deal with hadron colliders?
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Proton-Proton collisions |

| The master formula for hadron collidé€rs

! :
| | = Fl dPS"™ dxa dXp fap (Xa) Fop (Xb)[Mri |2
! ab

" We sumover all proton constituentga andb here)
!

" We include theparton densitiegthe f-function)

They represent the probabillity of having a par@mside the proton carrying a fractiox
of the proton momentunh
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PDFs: x-dependence

Quark- ~ :
Antiquark- <) ataboses
Gluon Pair X 45 L Qe2= 2 CeVes2
2 i — upv CT10—(central)
= __ downv  CT10—(central)
1.6 —
1.4 -
Quark i
1.2 —
/‘ L
® Valence quarks o [ Up
p=|uud
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PDFs: x-dependence

Quark- ~ 20
Antiquark- =B Pt
Gluon Pair X8 L Q2= 2 i GeVex2
= i — upv CT10—(central)
= _ downv  CT10—(central)
e S gluon CTWOf<celhtrO\)
14
: Gluon
Quark . |
1.2
1k
® Valence quarks :
0.8 —
p=|uud :
0.6 -
® Gluons os [
carry about 40% of momentum  ©2 -
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PDFs: x-dependence

RS 2
Quark- ~
Antiquark- ) Dotabases
Gluon Pair IR Qes2= 2 L GeVax2
= ___ upv CTWO*<C€:ﬂtFO\>
__._ downv  CT10—(central)
e S gluon CT10—(central)
. upbar  CT10—(ceritral)
14 downbar CT10—(central)
____ strange CT10—(centkal
Quark :
1.2
® Valence quarks |

P:‘uud 0.8

® Gluons N
carry about 40% of momentum
® Sea quarks o L .

light quark sea, strange sea
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PDFs: Q-dependence

Altarelli-Parisi evolution equations

Quark- —~ 2

. ] ~ .
Gluon Annquark o [ o
1.8 = Qx2= 2 . GeVxx2
g i — upv CT10—(central)
= ... downv  CT10—(central)
1o S gluon  CT10—(central)
_._. upbar  CT10—(ceritral)
14 - downbar CTWO—(cen:t.rQ\)
Quark i ____ strange CTWO—(C@MEQ\
1.2 —
® Valence quarks -

p=|uud

® Gluons 1

carry about 40% of momentum T

0.2

® Sea quarks

light quark sea, strange sea
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PDFs: Q-dependence

Altarelli-Parisi evolution equations

Quark- 2

. ] ~ i
Gluon Antduark o [ *
18 Q2= 10 . GeVxx2
= i ___ upv CT10— <cémtr0\)
= ... downv CT10-— (cemtm\)
e gluon CT10— (cemtm\)
_._. upbar  CT10— (centm\)
14 downbar CT10— <centr0\)
Quark i ____ strange CT10- <centr0\)
1.2 —
® Valence quarks E

p=|uud

® Gluons
carry about 40% of momentum

® Sea quarks

light quark sea, strange sea
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PDFs: Q-dependence

Altarelli-Parisi evolution equations

Quark- 2
Antiquark- XN

HEPDATA

Gluon . q i Databases
Pair X8 L Qe#2= 100 | CeVix2
= i ___ upv CT10—(central)
____ downv CT10— (cemtm\)
e gluon CT10— (cemtm\)
. upbar  CT10— (cemtm\)
14 downbar CT10— <cehtr0\)
— strange CT10— centm\
Quark - < )
1.2
® Valence quarks |

p=|uud

® Gluons
carry about 40% of momentum
® Seaquarks _—— \ \
Yot o mw‘o*5 - “‘W‘sz o ‘w‘o”
light quark sea, strange sea ‘
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PDFs: Q-dependence

Altarelli-Parisi evolution equations

Quark-

%
. S "

Gluon Anft;qil;ark - : DHOEZ\%Z;S
X8 L Qe+2= 1000 | GeVex2
= ___ upv CT10—(central)

... downv  CT10—(central)
e N gluon  CT10—(central)
_. upbar  CT10—(céntral)
14 downbar CT10—(central)
Quark ____ strange CT10— (centm\)
1.2
® Valence quarks '

p=|uud

® Gluons *

0.4 I
carry about 40% of momentum i

0.2

® Sea quarks T

light quark sea, strange sea ‘
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PDFs: Q-dependence

Altarelli-Parisi evolution equations

Quark- 2
Antiquark- o HEPDATA
GIUO]_’I PE(llll” q Databases
X 1g Qe+2= 10000 GeVex2
= upv CT10—(central)
____ downv  CT10—(central)
e N gluon CT10—(central)
. upbar  CT10—(central)
1.4 downbar CT10—(céntral)
Quark ____ strange CT10— (cemtm\)
uar
1.2
® Valence quarks |

p=|uud

0.6

® Gluons

0.4
carry about 40% of momentum

0.2

® Seaquarks 00—

light quark sea, strange sea ‘
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Proton-Proton collisions ||

| This is not the end of the story...
" At high energies, initial and Pnal state quarks and glaahsteother quark and gluons
" The radiated partons radiate themselves
" And so on..
' Radiated partonsadronize
" We observe hadrons in detectors

Sunday 24 July 16



Input parameters

® |n order to make predictions, the input parameters have to be
fixed! Most importantly the coupling constants

® For N parameters need N measurements

® Xs=0.5?0r0.118?
Need to consider running couplings, i.e., take into account
loop effects!
Otherwise very rough predictions!

® x=1/137~0.007 or I/127 ~ 0.008?

® etc.
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