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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?

¥ Falsify: Compare theory with data
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Fields & Symmetries

Monday 24 July 17



Matter content of the Standard Mode

(Including the antiparticles)

L s Matter L s ! nggs Gauge
n UL o " VLo T VA
Q=# (3,2) yz || L= # (1,2)a | H=# (1,21 | A | (1,1)
dL e hO
Ug (3,1).4/3 ex (1,1), W | (1, 3)
d(F:Q (§1 1) 2/ 3 VI% (11 1) 0 G (81 1)0
L 3 3
Uro _ w o _ w h' 0 _
=% & @2us|Lo=# & 1D |H=8 & @21|A]|Q1D
d: el ho
Ur (31 1) 4/ 3 eR (11 1)-2 W (11 3)0
dR (31 1)-2/3 VR (11 1) 0 G (81 1)0
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Matter content of the Standard Mode

¥ Left-handed up quarly:
¥ LHWeyl fermionurx~(1/2,0) of so(1,3
¥ acolor triplet:uLi~3 of SU(3)
¥ Indices(uvr)ix with i=1,2,3 and =1,2
¥ Similarly, left-handed down quasi
¥ uL anddL components of &U(2) doublet:Qg = (uL , dp) ~ 2
¥ Q carries a hypercharge 1/ ~ (3,2):,3 of SU(3}) x SU(2) x U(1)y

¥ IndicesQgiaWith " =1,2 ;i=1,2,3 andl =1,2
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Matter content of the Standard Mode

¥ There are three generationQx, k =1,2,3
¥ LotOs of indice®ipin(X)

¥ We know how the indices3,i,ox transform under
symmetry operations (i.e., which representations we |
to use for the generators)
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Matter content of the Standard Mode

¥ Right-handed up quanks:
¥ RHWeyl fermionure.~(0,1/2) of so(1,3
¥ a color triplet:uri~3 of SU(3)
¥ asinglet oBU(2):ur~1 (no index needed)
¥ ug carries hypercharge 4/8r ~ (3,1)a/3
¥ Indices(ur)ix. With i=1,2,3 and .=1,2 (Note the dot)

¥ Note that ur®€ ~ (3%,1).4s3
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Matter content of the Standard Mode

¥ Again there are three generationsax , k =1,2,3
¥ LotOs of indicasikic.(X)

¥ And so on for the other belds ...
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Terms for the Lagrangian
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How to builld Lorentz scalars?
Scalar peld (like the Higgs)

Real field $
1 1 Note: The mass dimension
0/ <0 n = 2¢2 of each term in the
% /QEB /bl$ ) m $ Lagrangian has to be 4!

Complex field $ = * (& + i&s)
%S %$" m°$ S




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

Left-handed Weyl spinor

i¢LE“8“¢L | U = (1 | | )
Right-handed Weyl spinor gH = (1 | | i)
i??DR a“@uwR

Mass term mixes left and right

leM_Euﬁu@bL —+ inU“auwR — m(%_wR - @DR@DL)

Dirac spinor in chiral basis

oo _ _ - ; 0 "
g U, muw with U= W $ and $= .,
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How to builld Lorentz scalars?
Vector boson (spin 1)

U(1) gauge boson (“Photon”)

1 o1
| —Fy FY + —mPAAY  where Fy =0y A ! O 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
# doesnOt contribute in QED

In principle, there is a second invariant

L =0 ~ L
—ZFM!F“' with  F :56“-#17--#

BUT strong CP problem in QCD
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Gauge symmetry

¥ ldea: Generate interactions from free Lagrangian by
Imposinglocal (i.e. @ = x¢(x)) symmetries

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

¥ Final judge Is experiment: It works!
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Local gauge invariance
for a complex scalar peld

" u#! "P#EL M # s invariant under ¢ " € .

What if now! =1 (x) depends on the space-time?

" 'u(ei" (x)#)! " M(ez'" (x)#) l m2(ez'" (x)#)! (ez'" (x)#)
=[". & Dag+ & D #["e Dat+ e DA r#] m#H
=[ie" @ 1 (x) a# + & D &' #]' [ie” " (x) &+ € D & HH] 1 mA# #
=[lie " T (x)a# +e "D #lie” D (x)a#+ e DA H#H])! mi# H
= 1ie " 1 (x)a# die” "Hl (x) a#
L je” @ 1 (x) & ae” ) &'
+e @ g # gie” M (x) &
+e "W g # ag () a i
| m*# #
=" #aral mA# +non-zero terms - NOt Invariant under U(1)!
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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
where the gauge field A, transforms as

Ay — Ay — Oy
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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 DH¢ ! (au _+ | [AH " au@(x)])[e” (X)¢]
= 0ue" 9] +i[AL" Qualx)]E" P9
Dy = 0y + 1Ay, =ie" Mo a(x) &p + €' Mg +iAe Mo i0,a(x)e' Mg

=& 90 +iA,e Wg
=€ P06 +iA]¢
Ay — Ay — Oy — ' ®p ¢

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 Duo! (9, _+ A" 8uoz(x)])[e” (X)Cb]
= 0,1 ©0] +ilA." Bua(a)e! )
Dy = 0y + 1Ay, — ie'" (X)auoz(X) a¢p + €' (X)ﬁugb + iAue” () i@ua(x)e” )

:ei!(x)a“¢+iAuei!(X)¢
=& ™[0, +iA L]0
Ay — Ay — Oy — ' ®p ¢

where the gauge field A, transforms as

Nota bene:

¥ We call D, the covariant derivative, because it transforms just like ¢ itself:

o! g and Duo! €°9D,¢
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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 Duo! (9, _+ A" 8uoz(x)])[e” (X)Cb]
= 0,1 ©0] +ilA." Bua(a)e! )
Dy = 0y + 1Ay, — ie'" (X)auoz(X) a¢p + €' (X)ﬁugb + iAue” () i@ua(x)e” )

:ei!(x)a“¢+iAuei!(X)¢
=& ™[0, +iA L]0
Ay — Ay — Oy — ' ®p ¢

where the gauge field A, transforms as

Nota bene:

¥ We call D, the covariant derivative, because it transforms just like ¢ itself:

o! g and Duo! €°9D,¢

DM¢! D’u¢" m2¢!¢! e" 7! (x)D,u¢l %’i! (CC)D/J,¢II mZe" 7! (x)¢' émi! (x)¢ — DM¢! D/,l,¢ll m2
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Expanding the Lagrangian

D.# D"# — m°#'# invariant under local U(1) transformatio

[DH#! DM#" m# # = #1 g LiAVH # " # L #) L H#A AN mH #J

4 )

¥ Demand symmetry! Generate interactions
¥ Generated mass for gauge boson (afteracquires a vacuum expectation value)

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

m2AL AR T m2(AL " (ALt H) # mPA AV

¥ Simplest form of Higgs mechanism

¥ Vector-scalar-scalar interaction
\_ J
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Non-Abelian gauge symmetry

Abelian Non-Abelian: component notation| Non-Abelian: vector notation

U = ei" (x) U = @i"a(X)TF? U = ei"a(X)TF{il

d— Ud ® — Ul P~ & UD

Ay ARTE A,

Ay — Ay — Oy« ART? = UART?U - [(8,U)U Ay — UALU —(0,0)U

FH! = (‘9“14! — 0 AU Fﬁ = ﬁuA? — 0 Aﬁ — gfabCABA? F T auA! — 0 Al.l + ’Lg[Au,A !]
FH!%FH! Fu!%UFH!U

Fy Invariant Ei Fa¥ invariant Tr(FuF MY invariant

Dy = 0y + igAj TR
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Conjecture

¥ All fundamental internal symmetries are gauge symmet

¥ Global symmetries are just OaccidentalO and not exact.

Monday 24 July 17



Spontaneous Symmetry Breaking




One page summary of the world

Gauge grou|

SUB3)! SUR)L ! U(l)y

Partide L Matter L e ! Higgs Gauge
5 Ui " VL0 n h'g
content Q—# 8132 lL-u"8 @2, |H=t & w2, |8 (@1
dL er, ho
Uk (3,1).4s3 €z (1,1) W | (1,3)o
dy (3,1) 23 VR (1,1) 0 G | (81)
' Ly e, = A _
Lagrang|an L=" ZGQ.. G'W+.. . QPQ+...(DH) (DMH)" p*H H" m(H H)?+ .. YieQ H(ur)#

(Lorentz + gauge -
renormalizable)

SSB

0
1
Y I # 4+ EQ)

¥ SUQ)L ! U@y # U)o
¥ BW3# #,2° and WLWZ2# W' W-

¥ Fermions acquire mass through Yukawa couplings to Hig
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The Higgs mechanism

The Higgs potential:V$# % % + & (% %0)?

Vacuum = Ground state = Minimum ofV:

If $2>0 (massive particleYmin = 0 (N0 symmetry breaking

K K K K

If $2<0:%min = £V = +(-$%&)12

These two minima in one dimension correspond to a continuum of minimum vz
iIn SU(2).

The point%= 0 is now instable.

¥ Choosing the minimum (e.g. at +v) gives the vacuum a preferred direction in is
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
Higgs Peld H~(1,2around the vacuum expectation value which breaks the ew symmetry:

e p
1 |
Vi = W?H H + 1 (H H)?! émﬁh2+ zmhh3+
N J
with: mé =21ly2 vy2=1 HZ/! Note: v=246 GeV is bxed by the
h ’ precision measures of G
In order to completely reconstruct the - R
Higgs potential, on has to: h
h
¥Measure the 3h-vertex;: [T e
via a measurement ¢figgs pair production n-.
| SM _ 1m " :
- 3h ~ h

2

¥Measure the 4h-vertex:
more difbcult, not accessible at the LHC in the high-lumi phas
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Higgs self-couplings

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

1
Vg = u°H H + I (H H)?! U

with

¥Measure the 4h-vertex:

more difbcult, not accessible at the LHC in the high-lumi phas

212
hhe +

“ = p
' 3
—mhh
2

\ Y

+

Note: v=246 GeV is bxed by the
precision measures of G
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Not so compact
anymore

+ i +he
T Yy AP rhe,
+ R -V(@)

Lagrangien du Modéle Standard

! ! 13 | 13 1
Lsy = g M+ i, Mgl + i!f?’qi "HEL Gt i!ﬂq;" e, q
I=e,u" 1= #e #y #h i g=u,.ct i o'=dsb
1 . : 1
! é(#pwg! ##WJ)(#“W'#! #W'H) 1 Z(#“Z#! ##zu)(#“z#! #zZH
1 iL- e 1
! Z(#HA#! HA)(HAT L #AN) | 7 (#.G} ! #,G)(#' G| #'G™) + E#uh#”h
a=1
! 13 1 13 1
I $!_\_/!q! ) M!zqi! . | $q_Y|ﬂ,l |
I=e,u," i §= u,c,t 2 o i g=dsb 2
n # % ]
gV 2 + | 1 gv l& 2 2
I = W'W HI Z Z,Z%! Z 1 2m° h
2 (“ 2 2copy " 2 .
1 I
g . n 1 " : n n
+ g H(A4siP % ! 1+ "5, Z, + g, R "zt
Toos ) st iZur ELE )z,
I=eu, U= #ho
g ' 3 13 1 4
+ B "Ll —si % ! "0 G Zy + 2" H(Zsinf o ! 1+ "d)! 4Z
4C0§/@/ . ~ i ( 3 /ﬁ/ ) g ~H . . i (3 /ﬁ/ ) g —H
i g=u,.ct i q-—b,_s,b
T !
+ 8 19, " K11 "5 W+ G R ), W
2 2( I=ew" I=ew"” *
g - '% ! 13 1 /
' n nb + " n nb !
+5s) Vag "ML " W+ Vg MLt ") g W, L
i g=u,c,t i g=uct
g'=dsb g'=dsb _
' ! 2! 1!
t0em ! LAY+ 3 2% g AL 3 2" M g AL
I=e,u," g=u,c,t g=d,s,b _
1318 | 13 18 |
+0s !Q’qj S GﬁTif‘ i !ij, "H 4 GﬁTif‘
ij a g=u.ct ij a g=dsb
! 13 1 13 1 ,
! ﬁ;’,!ﬂ!!.h! '$—‘l!ﬂ.! h! '$—q;!ﬂ!! 'h
[ . 2 G- G . 2 G- G
I=e,un i g=uct i g=dsb
+i 0 D uypy+# + L#AM ! FUAH | V£ + 1
! #“wgw! HA# | #HW,; W*#AHR
+ig cos%y #,JZ#W! HW*# 4+ #HW,;'W! AR #,JW#!& WHHZ#1 #”Z#W! W H
| + VU7 # ! +# ul g2v + I u 92V U | 3
0 1 1
+02, W;W!“A#OA“! W W' FA,A® + g% cos %y W;W!“z#zullwgw!“z#z#
+0° cosHy sin% 2W, W' HZ,A% T WirwW! FALZE T Wi W FARZ,
+g_20W! W! |,1W+W+#| W! W+pW! W+#1+ g_2W+W! uh2+ 92 7 Zuh2| §h4
2 M # T # 4 ¥ 8cog%, " "4
i g2 !’
LS ETRGT ! AGHGNGT B R MG IGIGH G
a,b,c a,b,c
d,ef
gem = gSIn%/v VZ: % (m2 < 01$> 0)1 m, = %%’ mq = 3 qiv’ my = %1 mz = ZC(?QI%Vv mp = ! 2m2
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Scattering theory

4 Cross sections can be calculated as

| = —  dPS™"M,"

< We integrateover all Pnal state conbPgurations (momeata).
*The phase space (dPénly depend on the Pnal state particle momenta and mas
* Purely kinematicél

<+ We over all initial state conbgurations
* This Is accounted for by the
* Purely kinematical

< The matrix element squaredontains the physics model
* Can be calculated frorReynman diagrams
* Feynman diagrams can be drawn from itlagrangian
* The Lagrangian contains all the model information (particles, interactions)
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Cross section

. . . 1
The differential cross sectiond! = E\I\/I 12d!

The Lorentz-invariant phase space:

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

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

The differential decay width: d! =

M [“d"
2Ea‘ B

The Lorentz-invariant phase space'

L= (21)4 @ (p, | le:pf)H A )32Ef

Rest frame of decaying particleF, = M,




Life time and branching ratio

Life time: | — 1/

b= LG

Branching ratio:  BR(i ! Q1 all)




The model

l All the model information is included in the Lagrangian

" Beforeelectroweak symmetry breakingzry compadt

L= %BU!B“!! % W %Gﬁ! Gh'
13 " # $ # $ %
+ B, it*D, L' + @ i'¥D, €,
f=1
13 " # $ # $ # $ ¢

= @ i'*'D, Q' +@r; i'*D, ul, + & il*D, di
f=1

+ D" D" 1 V(")

" After electroweak symmetry breakinguite largé

1
Dug! Do = - 8,hd"h+ Y wirwr g

Example: electroweak boson interactions with the Higgs bdson:

2,,2 el 2

Z,Z"
4sin6, * 8sin2 0,,cos260,,

ey 5 ecv |
'.r’/‘//‘ . ]r/'L " }"; ’ ' : ~ - Z; L Z'L ) h
2sin“ 0, 4sin“ 0,cos< 0,
2 2
e _ e
W: W Hhh +

4sin 6,

+ Z,Z"hh .

. 2
8sin“ 0,,cos28,,
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Feynman diagrams and Feynman rule

VVVVVVVVVVVVVVVVVVVYYY Y

| Diagrammatic representation of the Lagrangian

" Electron-positron-photond = -1) N\ ~RIGHARD HYMM
e+ — ..J(

>'~—~ Ay From the Lagrangia M;:N<<QM<

© < usad7

" Muon-antimuon-photong = -1)

+

u
>\A’\ A, ieqy”

U

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

——
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Loop diagrams

Loops exist,
but their
contribution
IS often small

two interactions

four Interactions
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Feynman diagrams and Feynman rule

4 From Feynman diagrams to Mg :!

!
!
! D @
|
Externall » o |
particles / A, ieqy”
@ E Feynman rules
Propagator
' | : !\i" | ' .
iMii = @, (pa) (! ie! ") us, (pp) —— @, (p2) (! el ") vs, (1)
l (pa + pb)

b % We construct all possible diagrams with the set of rules at our disposal! |
¢ “® We can then calculate the squared matrix element and get the cross section §
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Feynman rules for the Standard Mod

S| as > | T
aaJ il g ww J
6%~ | 4"5 % >“” o
aqZ 11z | w w 7
o
7800 | 4"5 % o
qqwv | WWWW
Oon| 415 0 DO anaokl, e
qqg 999 9999
4"5 %9 ... Mpeee | e
G | FOH D | Ty 1R
(<% |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 |

Y an | 'We can now combine building blocks to draw diagrams!
" This ensures to focus only on the allowed diagrams!
6% " We must only consider the dominant diagrams!

! _
| Process 0. UU — 1t
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Jw | QED _>“”“ e
aaJ 1l g wwJ
Z ~~ | QED _>“_“ T
qqZ Iz W W Z
we.| aeo | 2|
aqw T WWWW
gama| QCD | sty | St
qd9 999 9999
— QED e | e
(m) agh  in W W h ZZh

Drawing Feynman diagrams I

Find out the dominant diagrams for

" Process |. gg! te
" Process 2. 94 — tth
to b8

" Process 3.u@ |

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
u u~ > b b~ t t-~

Final state

u u~ > b b~ t t~ QED=2

Minimal coupling order
u u~- > h > b b~ t t~
Required intermediate particles

Excluded particles

uu~- > b b~ t t~ / z a

u u~- > b b~ t t~-, t- > w- b~

Specific decay chain

Monday 24 July 17



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
PARAMETER (
INTEGER THEL
PARAMETER (THEL=NCOMB*NCROSS)

C

C ARGUMENTS

C
REAL*8 P1(0:3,NEXTERNAL),ANS(NCROSS)

C

NCOMB, NCROSS
NCOMB= 64, NCROSS= 1)

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 {4

!
| Still needed:

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

4 The master formula for hadron colliders

1 n
= dPS™ dx, dxy forp(a) forp(wn)| Ml
ab

% We sum over all proton constituents (aand b here)

% We include the parton densities (the f-function)

They represent the probability of having a parton ainside the proton carrying a fraction Xa
of the proton momentum
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PDFs: x-dependence

TN 2
Quark.- N HEPDATA
Anthual’k- q Databases
Gluon Pair X 18 Q2= 2 GeVixr2
2 upv CT10—(central)
_ downv  CT10—(central)
1.6
1.4
Quark
1.2

¥ Valence quarks
p=|uud!

0.2

—\
T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1 ‘ T 1
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PDFs: x-dependence

Quark

Quark- ~ 20
Antiquack- [0
Gluon Pair X8 L Q2= 2 L GeVrx2
= i —_ upv CT10—(céntral)
. _. downv  CT10—(central)
e - S gluon CT10—(central)
1.4 :— Gluon

¥ Valence quarks
p=|uud!

0.8 —

¥ Gluons

carry about 40% of momentu
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PDFs: x-dependence

Quark- ~ 2T
Antiquark- O i Dotobnees
Gluon Pair X 18 L Qx+2= 2 L GeVkx2
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 oL

¥ Valence quarks 1=
p=|uud!

¥ Gluons

carry about 40% of momentu

¥ Sea quarks

light quark sea, strange sea
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PDFs: Q-dependence

Altarelli-Parisevolution eqguations

Quark- 2

Antiquark- 8 _ [[reroaTa ' |
Gluon Pair . ||| Databases
s - Qx+2= 2 L GeVx2
= I __ upv CT10—(central)
- ... downv  CT10—(central)
-6 - S gluon  CT10—(central)
-... upbar  CT10- (centm\)
14 downbar CT10—(central)
Quark i ____ strange CT10-— <centm\)
1.2 —

¥ Valence quarks b
p=[uud!

¥ Gluons |

carry about 40% of momentu

¥ Sea quarks

light quark sea, strange sea

0.4

0.2

O
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PDFs: Q-dependence

Altarelli-Parisevolution eqguations

Quark- 2
Antiquark- o - [ hePoATA

Gluon Pair ) ||| Dotabases

18 - Qx+2= 10 L GeVax2

h i ___ upv CT10— <cemtr0\)

= _. downv  CT10-— (cemtm\)

e gluon CT10— (cemtm\)

_. upbar  CT10-— (centm\)

14 downbar CT10— <centr0\)

Quark i ____ strange CT10- <centr0\)

1.2 —

¥ Valence quarks I
:|UUdI 0.8

¥ Gluons

carry about 40% of momentu

¥ Sea quarks

light quark sea, strange sea

0.6
0.4

0.2
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PDFs: Q-dependence

Altarelli-Parisevolution eqguations

Quark- 2
Antiquark- o - [ hePoATA

Gluon Pair ) ||| Dotabases

X 18 L Qre2= 100 | GeVs2

= ___ upv CT10— <cemtr0\)

__ downv  CT10-— (cemtm\)

e gluon CT10— (cemtm\)

_. upbar  CT10-— (cemtm\)

14 = downbar CT10—(central)

Quark ____ strange CT10- <centr0\)

1.2

¥ Valence quarks w
=|uud!

¥ Gluons |

carry about 40% of momentu

0.4

0.2

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

Altarelli-Parisevolution eqguations

Quark-

TN 2 i \
Antiquark- 8  [[ERpaTa :
Gluon Pail” = | Datakgses ‘:
X 18 [ Qe#2= 1000} GeVis2
~— . .
= ___ upv CT10—(central)
__ downv  CT10—(central)
e N gluon  CT10—(central)
_. upbar  CT10—(céntral)
14 downbar CT10—(central)
____ strange CT10-— (centm\)
Quark
1.2

¥ Valence quarks w
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PDFs: Q-dependence

Altarelli-Parisevolution eqguations
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Proton-Proton collisions Il

4 This is not the end of the story...
< At high energies, initial and Pnal state quarks and glasanhsteother quark and gluons
< The radiated partons radiate themselves
% And so on..
<+ Radiated partonsadronize
% We observe hadrons in detectors
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Input parameters

¥ The SM Lagrangian h2é input parameters
(of course not all are equally important)

¥ Theyneed to be fixed in order to makepredictions

¥ The values and patterns of these parameters are quite
bizarre!
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Quantum Corrections
¥ Quantum corrections have to be considered
(otherwise some predictions very rough!)
¥ UV divergences appear
¥ Renormalization of Lagrangian parameters and peld
¥ This leads tarunning parameters

¥ Scale-dependence governed by
renormalization group equations (RGES)
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Asymptotic Freedom

Renormalization of UV-divergences:
Running coupling constant as := ! s/(4")

047

as(p) =

1

#o In(12 /\2)

W |
035}

025}

0.15}

0.3}

02}

0.11

NLO, MSbar

upper: ! (M,)=0.121
I (M,)=0.1187
lower: I (M,)=0.1165

| (M)=0.118

10

H (GeV)

e Gross, Wilczek (O73); Politzer (O73)

Non-abelian gauge theories:
negative beta-functions

das

—— = —#eal+ ...
d In p? 0%

where #g = L:Cp — £ny

= asympt. freedom: as \ for u ~

e Nobel Prize 2004
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