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What is QCD ?

@ Quantum Chromo Dynamics = quantum field theory of strong interactions

e Basic elements;

« quarks: u,d,s,c,b,t

fractional charges 1/3 or 2/3

carry color: r,g,b = white

anti-quarks carry anti-color: 17 = white, g7 = white, bb = white

exchange bosons are gluons

gluons couple to quarks, anti-quarks and gluons

gluons carry color+anti-color (but not in a color singlet):

_ 1 1 _
rg,rb, gr, gb, 5(7“7_“— ),\/;(frrnt 7 — 2bb)
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Fixed Target, HERA & LHC

. HERA at DESY « SPS & LHC at CERN
CERN Accelerator Complex

CMS

Halle NORD (H1)
Hall NORTH (H1)

North Area

Halle OST (HERMES) $\¥
Hall EAST (HERMES)

Halle WEST (HERA-B)
Hall WEST (HERA-B) —a— Elektronen / Positronen
Electrons / Positrons

Protonen
Protons

East Area

Synchrotronstrahlung

Synchrotron Radi
Halle SUD (ZEUS)

Hall SOUTH (z

) ‘ »ion » neutrons » plantiproton) » neutrinos » electron
- - fantiproton conversion
LHC Large Hadron Collider SPS Super Proton Synchrotron  PS Proton Synchrotron
AD Antiproton Decelerator CTF3 Clic Test Facility
CNGS Cern Neutrinosto Gran Sasso  1SOLDE lsotope Separator OnLine DEvice
LEIR Low Energy lon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight

Vsrgo =7 — 14TeV
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Picture of jet production

@ General approach to hard scattering processes
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Picture of jet production

@ General approach to hard scattering processes

@ including higher order parton radiation
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Picture of jet production

@ General approach to hard scattering processes
@ including higher order parton radiation

@ adding hadronization and fragmentation
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Picture of jet production

@ General approach to hard scattering processes
@ including higher order parton radiation

@ adding hadronization and fragmentation

-> |leads to the concept of factorization:

U N
O-:f('rl?:u2 m

X
v

//I
:

2

N—"

&($1,$27M

&

o ——

f(z2, 1)

> factorization ansatz is used in ()

any calculation (LO,NLO, MC event generators ...)
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OW can processes be calculated ?

e Monte Carlo method
- refers to any procedure that makes use of random numbers
« Uses probabillity statistics to solve the problem
e Monte Carlo methods are used in:
« Simulation of natural phenomena
« Simulation of experimental apparatus

« Numerical analysis

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Monte Carlo method

e Monte Carlo method
- refers to any procedure that makes use of random numbers
« Uses probability statistics to solve the problem
e Monte Carlo methods are used in:
« Simulation of natural phenomena
« Simulation of experimental apparatus
« Numerical analysis
® Random Numbers
- one of them is 3
- No such thing as a single random number

- A sequence of random numbers is a set of numbers that have nothing to
do with the other numbers in a sequence

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY

11



Random Numbers

® [n a uniform distribution of random numbers in [0,1] every number has the same
chance of showing up

e Note that 0.000000001 is just as likely as 0.5

To obtain random numbers:
» Use some chaotic system like roulette, lotto, 6-49, ...

» Use a process, inherently random, like radioactive decay

BUT not enough for most applications

->.... we have true random number generators ...

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Generating distributions

® Brute Force or Hit & Miss method

- use this if there is no easy way to find a analytic integrable function

- find c< maxf(x)
- regject if f(X) <u;-C

- accept if f(x)>u;-C

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Generating distributions: Hit & Miss

MC for function f(x):
get random number:
R1in (0,1) and R2 in (0,1)

calculate x = R1
reject event if: f <f __ R2

0 0 0.20.40.60.8 1
X

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019 14



Generating distributions: Hit & Miss

MC for function f(x):
get random number:
R1in (0,1) and R2 in (0,1) 20

calculate x = R1
reject event if: f <f __ R2

3 z [ e

0 0.20.40.60.8 1
X
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Generating distributions: Hit & Miss

MC for function f(x):
get random number:
R1in (0,1) and R2 in (0,1)

calculate x = R1
reject event if: f <f __ R2

. = . x -1 : . .-_-.:_

0 5702040605 1
X

Works always:
— put can be very inefficient

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019 16



Constructing a MC for e+et— X

ot ,, n
o process: ete” — pu T ) !
do o’
— —€M (1 + cos® 0
d cos 0do 45 ( i )

e goal: generate 4-momenta of it 's, need
cm energy s, cos 0, ¢

random number R1(0,1): ¢ =2 1t R
random number R2(0,1): cosB =-1 + 2 R2

for every R1, R2 use weight with d()‘

repeat many times
d cos Od¢

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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—xample event for et e

— X

e example from PYTHIA: Event listing

I particle/jet KS KF orig p X Py Pz E m
1 let 21 11 0 0.000 0.000 30.000 30.000 0.001
2 le 21 11 0 0.000 0.000 -30.000 30.000 0.001
3 le+ 21 11 1 0.000 0.000 30.000 30.000 0.000
4 le 21 11 2 0.000 0.000 -30.000 30.000 0.000
5 le+ 21 11 3 0.143 0.040 26.460 26.460 0.000
6 le 21 11 4 0.000 0.000 -29.998 29.998 0.000
7 170 21 23 0 0.143 0.040 -3.539 56.458 56.347
8 !mu-! 21 13 7 -9.510 1.741 24.722 26.546 0.106
9 !mut! 21 13 7 9.653 -1.700 -28.261 29.913 0.106
10 (z0) 11 23 7 0.143 0.040 -3.539 56.458 56.347
11 gamma 1 22 3 -0.143 -0.040 3.539 3.542 0.000
12 mu- 1 13 8 -9.510 1.741 24.722 26.546 0.106
13 mu+ 1 13 9 9.653 -1.700 -28.261 29.913 0.106
sum: 0.00 0.000 0.000 0.000 60.000 60.000

e technicalities/advantages

e can work in any frame

e [ orentz-boost 4-vectors back and forth

e can calculate any kinematic variable

@ x-section:

* fill histogram in any variable, no Jacobeans !

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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From e to hadron scattering ..

... add a hadron In the Initial state:
ep scattering



A proton In the initial state

+ Deep Inelastic Scattering is a

iIncoherent sum of

etg—>e+q

« only 50 % of p momentum carried by

quarks

» need a large gluon component

« partonic part convoluted with parton

density function fi ()

oletp - et X) = Z filx, oletq — et q;)

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019
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A proton In the Initial state

oletp = et X) = Z fi(x

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019

+ Deep Inelastic Scattering is a

Incoherent sum of

etg—>e+q

» only 50 % of p momentum carried by

quarks

» need a large gluon component

» partonic part convoluted with parton

density function  f; ()

- BUT we know, PDF depends on

resolution scale Q*

(eTq; — et q;)

2]



~,(X,Q2): DGLAP evolution equation

. QPM: F, is independent of Q?

* Q2 dependence of structure function: DokshitzerGribovl_ipatov ItareIIiParisi

quark
> Probability to find
quark x
parton at small x
increases with Q2
Q” small Q" small
small resolution power better resolution power
2 2

e -

=

OPM QCDC BGF

Dl
hi

Hannes Jung, QCD parton dynamics, hadronic final states, MCs, summer-student lecture Aug 2015, DESY
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From Naive F, picture to QCD ...

it the proton is

then E(x) s

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY

i i -

0.3 0.6 1 X
i i

0.3 0.6 1 X

From Halzen & Martin: Quarks & Leptons, p201

it the proton 1s

small x

then E,(x) 1s
valence
= ] ] -
0.3 0.6 1 X
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Lepton Hadron scattering

e Deep Inelastic Scattering is a incoherent sum of e+q — €+ ¢

lepton

H1 and ZEUS preliminary

oletp —»etX) = Z Q(‘a:, Q%)o(etq — et q;)

=

u?=10 GeV?

08 B cxp. uncert.
[ model uncert.

[ parametrisation uncert. Xu,

Je)s Teuly

' S
S

e only 50 % of p momentum carried

by quarks

® need a large gluon component

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Lepton Hadron scattering

e Deep Inelastic Scattering is a incoherent sum of e+q — €+ ¢

oletp —»etX) = Z Q(‘a:, Q2)0(6+qi — et q;)

H1 and ZEUS preliminary

': e HERA NCe'p(prel.) 05 fb"
o~ Vs =318 GeV
Q 1 = 000005, i=21 O  Fixed Target
N X 10 e aeom0is,im e=== HERAPDF2.0 (prel.)
=" < . x = 000020, i=158 2 et
3 z et b, 17 NLO, Q;,,= 3.5 GeV
%) +°"' 10 . 0"“.....0 2w L0005, in16
§ N e e N e
(¢ 2 i et xzDDNS I=14

. e
10? e ases® csaeoe 1w 00020 =13

. PR w0022, 012
e T e eeees  xn 05 il
ssse®
10} o“'."...“.,.moo L = 0008, =10

a= D013 i
=002, 8

-
et s OSSR EE SN
e

’ . Momnnv
10° ® m”‘““m ** S0t e ge NI 27
e A L aetg geess et st e o x = 005 =6
o |~ o8 S S i Ll L L e N 1w 008, in5

10
CONUMMIIISIR — ves st vrere s oo xw 0.3, ind

x =LK, i=3

?
|

e only 50 % of p momentum carried . |
" TRG e 040,inl

by quarks M v

® need a large gluon component
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Inelastic Scattering: main results

H1 and ZEUS Combined PDF Fit

Q'= 27GeV' [ 35GeV' | 45GeV® | 6.5 GeV*

O X,Q)

e F, scaling at large x

e ~ 50 % gluons : :
AP S [T SN [, | R [N [N [N [N | S [N [N [N [ | S N SN S [

8.5 GeV? 10 Gev®: | 12 GeV: | 15 GeV?

ih @

@ F2 rise at small x 1

Reas

e How canrising F, be osf

[
1
"'I'll'll'l"'l

Rasend o semd soneed o ssend o ol scemd o ssend ssemd osdE

UnderStOOd ,? 0 - 18 Gev® | 22 GeV* - 27 GeV? - 35 GeV?
15 - - —
* Does rise continue E 3
forever ? *F 3 3 3
o o - 45 GeV® | 60 GeV® [ 70 GeV’ 920 GeV*
e What limits F, 7 3 3 .
1E -
OS5 _

120 GeV”

150 GeV* 10°10°10°10" 110*10°107107" 1

"ll""l"' "'I'lll'l'l

1.5 - X
1 F [ ] HERAPDFO.1(prel.)
- . NC e"p (prel.)
0S5

- NCep (prel)

""II

10°10°%10%107 110710710310
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From ep scattering ...

... to pp scattering

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Rotating the diagrams

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY

o(q

\ leptons
é’?
=
S
2
1 1My = T
3X38
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Monte Carlo approach

e simulate explicitly parton radiation with
evolution of parton densities

e gdvantage to include properly energy
momentum conservation in each step

e perform resummation numerically

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY
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Jet production in pp

e x-section (i.e. for light and heavy quarks ( tt)

production)
- dxry dx ~ _ .
o(pp — qdX) = / . 1 , 221G (21, 7)22G(22,7) X 6(3,7)
1 2 :
e with gluon densities 7)/
zG(, q)

® hard x-section: E j ; A((((é

do 1 5 e

I — ‘Mz | —

dt 64527

O O
P

Hannes Jung, Introduction to Monte Carlo simulation, summer-students 2019, DESY 30



Lowest Order Diagrams

Ellis, Stirling, Webber
— — QCD & collider physics p248

aq — qq’ - E

99 — qq E }(
e

(c)

A
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Color Flow in pp

® quarks carry color

e anti-quarks carry anti-color ( )

@ gluons carry color — anti-color

* connect to color singlet systems

e watchout pp or pp

http://www.desy.de/~jung/qcd_and mc 2015
http://www.desy.de/~jung/qcd_and mc 2015
http://www.desy.de/~jung/qcd_and mc 2015

AL LR L LR

=== —()
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Jet production at the LHC

wppf 8 TeV CMS Preliminary
tT 0 1 T LI | ll T T T Trrrr] T
al> b Y open:L_ =58pb’ (low PUruns)
alo 10 u Ol filed: L, = 10.71 fo” (high PU rung)
S - i, -
B 1eF = — NNPDF 2.1 NLOSNP -
Bla L -
S 10F h
10°} ;
10° -
10L--o.0<|y|<o.5(x1o~") h
~ 0.5 <lyl< 1.0 (1 =
4 *10<yl<15(x1 .
10°E 1.5 <lyl< 20 (x 107) .
- 2.0 <lyl< 25 (x 10 -
10°F +25 <yl 3.0 (x 1 =
- 4-324dylcd7(x10 =
1027730 40 100 200 10002000
Jet P, (GeV/c]
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What happens at highest
energies ¢

High energy behavior of xsections



Partonic Cross sections

. Cross section@(P1 +p2 = j1+ 72+ X) = f(37laﬂ2) &

6(x1p1 + Tap2 — j1 + J2)
®f(332,/£2)

partonic cross section diverges
with p,

. « calculate x-section as function
Of pL,min

dohara (D7) , o

2 _
Ohard (p_l_min) T d 2 dp—l—
pimin p_L

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019 35



Partonic Cross Section

@ Basic partonic perturbative cross

section 0 B dOhard (pi) 2
Ohard (p_Lmin) T d 2 P
pi min p—L
diverges faster than 1/p2, ... @S P.mn
and exceeds eventually total 3 nctusive jot oross section
inelastic (non-diffractive) cross i Bty
sctiberaction x-section £ .

s, - - -LHC Vs=33 TeV

o_int

exceeds total xsection
@ happens well above Agcp
@ In perturbative region

10 i | IR | [ N
2
1 10 10
Pt min (GeV)
Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019
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Models for Multi-Parton Interaction

 The very simple model
=> add secondary interactions

=> first model by: T. Sjostrand, M. Zijl PRD
(1987) 2019

. order scatterings in p,

=> use of sudakov form factor

=> result in Poisson distribution of numbe
of scatterings: |, ,r

with Pr = F eXp (—,LL)

Hannes Jung, Introduction to Monte Carlo simulation, DESY, 2019 37



Multiparton interaction at the LHC

CMS,\s =7 TeV, L= 36 pb”, pp— 4j+X

T | ——— SHERPA

S h‘tl =< 1‘7 ------- POWHEG+P6 Z2' .
— 1, 2" jet: ===« MADGRAPH+P6 Z2* W
PP [ p— PYTHIA8 4C ;
»n 10 P, >50GeV  __ _ LERWIG++ UE-EE-3 .
D [ g ghigy. — — POWHEG+P6 Z2' MPI off <
O s ‘ Jet. —®— Data

_8 - p.> 20 GeV [ Total Uncertainty

Q)

=

arXiv:1312.6440
CMS-FSQ-12-013

I IIIIIIII

no MPI

| I l 11 1 | l 1 1 1 l 1

(40 = SHERPA
-a- 25 ------- POWHEG+P6 Z2'
1.8F - === MADGRAPH+P6 Z2*
()] . PYTHIA8 4C
>~ 1.6 —— — HERWIG++ UE-EE-3
O 1.4F —— — POWHEG+P6 Z2' MPI off
E - [ Total Uncertainty
1.2
1f®e © ©¢ @ ©¢ @ @ © © o o 0o
_r A T S S - -_--'--;;'_,_"""qf"
0.6 ——
ke ——— ="
0-4_ M

0 05 1 15 2 25 3
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Partonic Cross Section

@ Basic partonic perturbative cross

section 0 B dOhard (pi) 2
Ohard (p_Lmin) T d 2 P
pi min p—L
diverges faster than 1/p2, ... @S P.mn
and exceeds eventually total 3 nctusive jot oross section
inelastic (non-diffractive) cross i Bty
sctiberaction x-section £ .

s, - - -LHC Vs=33 TeV

o_int

exceeds total xsection
@ happens well above Agcp
@ In perturbative region

10 i | IR | [ N
2
1 10 10
Pt min (GeV)
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