MC-generators

Lectures and laboratories
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Hard scatteting =/
Basic/clue/process

Itis hard. However there can be
simultineously several (semi)hard

interactions (multiple interaction).
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Physics of the process:

e\@nlitopology (éaélc terminology)
> N \// Hadronisation

/+~ Radiation

\'.'-\.I
ﬂ (]

Hard scatteting '/

g
- -

- -
PEEREEESSS. - Pg
N E_ﬁ .
Spectatqc k@tmns -~
- ———-———‘_‘/ _-‘h“x — -
Pileup —



Underlying events

Everything excluding the basic (hard) process:
* FSR/ISR (?)
* beam remnants
* pile-up events (several pp-collisions in one bunch crossing)

* multiple interaction (several (semi)hard parton-parton collision in
one pp-collision)

* detector noise

«Minimum (zero) bias events» contain the most of underlying events

10



«Hard» collisions

QCD 2+ 2 processes

9.0 __ e 4
dg/dp = 1/p"7 forp; — 0.

— T
i T,

9.9.9

—

”'é;(ﬂ% 0 1 F"": }
(p2 g+ r3)?
Malvely breakdown al =

Fit 0.2 Gev - fm

P lmin = L¥] - .7y tm U3 GeV = .Irll'""l.: D 5!4 2
T pard \ PT i) = _r & ap
_ hard \ T min/ T
Replace r, by color screening length d - o 2 =
P‘ I, min

|'I

II'||I‘] | l'..l —

A~1fpy
resolved screened Pimin tUNeable
Pimin — 2 GeV @ Tevatron
<n>=¢0_ /0, . nisthen assumed to be Poisson-distributed 1

(Multiple interactions)



Diffracrive interactions
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12



Monte-Carlo method

13



The simplest example of MC method
application: calculation of the area of figure

« Shoot at random at the
figure. Count the bullets
number of grid cells that hit it. The area of then

which are inside and figure.is
this gives you the area * S=(Nhit/Ntotal)*S(rectangle)

» Cover the figure by a
grid, calculate the

One needs to know in advance the boundaries 14
(maximums) within which the figure (function) is enclosed!



Example of MC-method application

: - ] e
Algorithm (method «miss-or-hit»): o
1) simulation my. fﬁx = rnmin + rl (mmax - mmin) ’ -
2) pasbirpbiBaercs AE: g 3
AE = AEmin (mmin) + r2 (min{AEmin (mmax) + 5 : Amax ’ AEmax (mmax )}_ AEmin (mmin )) E 2 _
3) check: if :
~ _ _ 1
AE ¢[AE,, (M, )’%I\%imx (Mm,)] , TO BO3BPAT Ha war 1) : -
i —(m,,AE o) S . . . . . .
4) evaluation dAEdm, (M. AF) 1.1 1.15 1.2 1.25 1.3 1.35 1.4
. . dW dW dWmax . my, GeV
5) simulation =1 I;— pa3Hble cny4yaHble yncnaor0pgo 1
dAEdm,  dAEdm, dAEdm,
dw dw

6) simulation: if (my, AE), TO co6bITHE NPUHMMaETCS.

<
dAEdm,  dAEdm,

250f 150
i B 125
200} 0
1.5 wo | 100 03 W
< 150} H m
L o ©
Z [ > 75 >
100} o 5
50
50 .
0 0
Lo 2253 .5 2 2.5 3 0.5 1 1.5 2 2.5 3

TE, GeV OE, GeV E, GeV

o <AE> if found to 20% less, than it gives direct integration => it is necessary to check a quality of MC-generator

em, Is not specified 15



Application of MC-methods in HEP

N

Simulation (generation) of Simulation of the processes
the basic interaction process in detector (Geant)
(Pythia,...)
\ 4
RS 4
Cross Database of G
section events (the X
set of initial Geant
PX.py.pz...) detector

.

Pythia



Multi-purpse generators
Pythia
fHerwig
Pythia8
Herwig++
Sherpa

IsaJet

Special purpose generators
Tauola

Photos
EviGen

MC-generators

ME generators
Alpgen
Whizard
AcerMC
Grappa
Amegic++
MadGraph
Helac/Phegas

Testing & Tuning tools

MCTester

Rivet
HepMCAnalysisTool
MatchChecker

Professor
Proffit

CompHep....

MLO calculators
MCFM
NLOJET++
BlackHat

Rocket
CutTools

NLO generators

MC@NLO
POWHEG
SANC

Grace (@NLQO)

17



alpgen generation of hard multiparton processes in hadronic collisions

blackmax a black-hole event generator, which simulates the experimental signature of microscopic and Planckian black-hole production and evolution at the LHC
in the context of brane-world models with low-scale quantum gravity.

cascade full event generator for ep and pp scattering applying kt-factorisation and unintegrated PDFs

charybdis production and decay of black holes in hadron collider experiments

charybdis2 new version of the black hole event generator

hej a High Energy Physics Monte Carlo generator for multi-jet analyses

herwig an event generator for Hadron Emission Reactions With Interfering Gluons (including SUSY processes)

herwig++ new event generator, written in C++ and built on the experience gained with HERWIG

hijing event generator for high energy heavy ion collisions

Hydjet event generator simulating jet production, jet quenching and flow effects in ultrarelativistic heavy ion collisions

isajet event renerator for pp, pbar p, and e+e- Interactions

jimmy a library for multiparton interactions in HERWIG

MCatNLO a Fortran package for combining a Monte Carlo event generator with NLO calculations of rates for QCD processes
MCEM Monte Carlo for FeMtobarn processes

nlojet++ LO and NLO cross section calculation, using the Catani-Seymour dipole subtraction method

Phojet general purpose event generator based on Dual Parton Model

photos package for QED radiative corrections in decays of resonances

photos++ C++ Interface to PHOTOS

Pomwig Herwig for diffractive interactions

pyquen event generator for simulation of rescattering, radiative and collisional energy loss of hard partons in expanding quark-gluon plasma created in
ultrarelativistic heavy ion collisions

pythia6 The Lund Monte Carlo - general purpose HEP event generator (written in Fortran)

Pythia8 C++ version of pythia6 MC

Sherpa an event-generation framework for high-energy particle collisions

stagen generator for black hole and graviton production

starlight Monte Carlo generator for two-photon and photon-Pomeron interactions between relativistic nuclei and protons.
tauola generation of tau decays including spin polarization

Toprex parton level generator for top quark production

vincia a shower plugin to PYTHIA 8. It is based on the dipole-antenna picture of QCD and focusses on describing quark and gluon radiation with high precision.
winhac event generator for single W-boson production in hadron collisions

AGILe A Generator Interface Library (& executable) which provide a standard steering interface for Fortran generator codes
CLHEP a Class Library for High Energy Physics (No further development is foreseen, except for bug fixes)

FastJet a fast and efficient implementation of various jet algorithms

JetWeb web-based system for MC event generator validation

LHAPDF the Les Houches Accord PDF Interface

HepMC a C++ Event Record for Monte Carlo Generators

HepPDT particle properties from PDG

HepMCAnalysis a tool for generator validation and comparisons

HZtool robust model-to-data comparisons

MC-tester a universal tool for comparisons of Monte Carlo predictions

Professor A tuning tool for Monte Carlo event generators 18
Rivet a toolkit for validation of Monte Carlo event generators (an object oriented C++ replacement for the Fortran HZtool package)
ThePEG a toolkit for High Energy Physics Event Generation


http://mlm.home.cern.ch/mlm/alpgen/
http://projects.hepforge.org/blackmax/
http://projects.hepforge.org/cascade/
http://www.ippp.dur.ac.uk/montecarlo/leshouches/generators/charybdis/
http://projects.hepforge.org/charybdis2/
http://hej.web.cern.ch/HEJ/
http://hepwww.rl.ac.uk/theory/seymour/herwig/
http://projects.hepforge.org/herwig/
http://www-nsdth.lbl.gov/~xnwang/hijing/
http://lokhtin.web.cern.ch/lokhtin/hydro/hydjet.html
http://www.hep.fsu.edu/~isajet/
http://projects.hepforge.org/jimmy/
http://www.hep.phy.cam.ac.uk/theory/webber/MCatNLO/
http://mcfm.fnal.gov/
http://www.desy.de/~znagy/Site/NLOJet++.html
http://www-ik.fzk.de/~engel/phojet.html
http://wasm.home.cern.ch/wasm/goodies.html
http://www.ph.unimelb.edu.au/~ndavidson/photos/doxygen/
http://www.pomwig.com/
http://lokhtin.web.cern.ch/lokhtin/pyquen/
http://projects.hepforge.org/pythia6/
http://home.thep.lu.se/~torbjorn/Pythia.html
http://projects.hepforge.org/sherpa/dokuwiki/doku.php
http://cmsdoc.cern.ch/cms/PRS/gentools/www/geners/packages/stagen/stagen.html
http://projects.hepforge.org/starlight/
http://wasm.home.cern.ch/wasm/goodies.html
http://cmsdoc.cern.ch/~spitsky/toprex/toprex.html
http://projects.hepforge.org/vincia/
http://placzek.home.cern.ch/placzek/winhac/
http://projects.hepforge.org/agile/
http://proj-clhep.web.cern.ch/proj-clhep/
http://www.lpthe.jussieu.fr/~salam/fastjet/
http://jetweb.cedar.ac.uk/
http://projects.hepforge.org/lhapdf/
http://lcgapp.cern.ch/project/simu/HepMC/
http://lcgapp.cern.ch/project/simu/HepPDT/
http://hepmcanalysistool.desy.de/
http://projects.hepforge.org/hztool/
http://mc-tester.web.cern.ch/MC-TESTER/
http://mc-tester.web.cern.ch/MC-TESTER/
http://mc-tester.web.cern.ch/MC-TESTER/
http://projects.hepforge.org/professor/
http://projects.hepforge.org/rivet/
http://home.thep.lu.se/ThePEG/

Pythia 6.4

http://hnome.thep.lu.se/~torbjorn/Pythia.html

http://projects.hepforge.org/pythia6/

19



PYTHIA history

1978
JETSET
1982
versions 1-7 PYTHIA
string frag. versions 1-5
ete~. FSR op, ISR, Mi
1997
PYTHIA 6.1
2003
PYTHIA 6.2
20047 PYTHIA 6.3
\

Pythia 6.4 Pythia 8 (C++) 20



Pythia vs other generators

Kind

Process

PYT HER

ISA

QCD & related

Soft QCD
Hard QCD
Heavy flavour

*
*
*

Electroweak SM

Single v* /79 /W=

(v/7*/2°/W*/f/9)?
Light SM Higgs
Heavy SM Higgs

* ok ok %

SUSY BSM

hD/HDfAD‘,/H:
SUSY
R SUSY

*

*

*

Other BSM

Technicolor

New gauge bosons
Compositeness
Leptoquarks

H== (from LR-sym.)
Extra dimensions

21



Some shortcomings Pythia

* Processes usually only in lowest nontrivial order
= need programs that include HO loop corrections to cross sections,
alternatively do (p | , y)-dependent rescaling by hand?

» No multijet topologies
=- have to trust shower to get it right,
alternatively match to HO (non-loop) ME generators

* Spin correlations often absent or incomplete
e.g. top produced unpolarized, while T — bW+ — DEJF;;E decay correct
= have to use external programs when important

» New physics scenarios appear at rapid pace
= need to have a bigger class of “one-issue experts” contributing code

always remember that the program does not represent a dead collection of
established truths, but rather one of many possible approaches to the problem of
multiparticle production in high-energy physics, at the frontline of current research.
Be critical! (Manual on Pythia 6.4) 22



Physics models implemented in Pythia

Matrix Elements vs. Parton Showers

ME

+ -+

PS

+ -

. Matrix Elements
systematic expansion in as (‘exact’)
powerful for multiparton Born level
flexible phase space cuts
loop calculations very tough
negative cross section in collinear regions
=- unpredictive jet/event structure
no easy match to hadronization

. Parton Showers
approximate, to LL (or NLL)
main topology not predetermined
=- inefficient for exclusive states
process-generic =- simple multiparton
Sudakov form factors/resummation
=- sensible jet/event structure
easy to match to hadronization

de deo do
dpiﬁ dg? b d_mQ
&

real

2 92 Tfnz
lwrtual AR

de deo do

dp? * 62’ dm?2

-~

eal x Sudakov

-
1 pﬁ_?ﬂzsmz




Physics models implemented in Pythia

Parton Shower Approach

(already well covered by B.R. Webber, so brief here)
3 common algorithms, each with its advantages and disadvantages:
HERWIG: #-ordered emissions (ISR & FSR)
ARIADNE: p | -ordered emissions (FSR primarily)
PYTHIA: M2, Q2-ordered emissions (ISR & FSR)
New in PYTHIA 6.3: p | -ordered emissions (ISR & FSR)

Matrix Elements and Parton Showers

Marriage desirable! But how?
Much work ongoing == no established orthodoxy

Three main areas, in ascending order of complication:

1) Match to lowest-order nontrivial process — merging
2) Combine leading-order multiparton process — vetoed parton showers
3) Match to next-to-leading order process — MC@NLO

24



Physics models implemented in Pythia

PYTHIA performs merging with generic FSR a — beg ME,
in SM: v*/Z9/W=* — qq, t — bwT, H? — qq,

and MSSM: t — bHt, Z9 — 4§, § — g’'wt, H? — &7,
X — a8, x —ad,d—ax,t —tx, 83— a4, 4 —qd, t — 13

— g'Ht

O

R8'(y.): mass effects
in Higgs decay:

g emission for different
colour, spin and parity:

1.1
1.14
L12

100 —

11} L
1.08 }
1.06 |
104 F

Verctar
A-nial vecto
Sealar
Preudoscalar

_-'.e"-'-;::
102 /J

0.98
0.96

angle (degrees)

PYTHIA ISR: only @ — ~+*/Z°% /W= and gg — H (for my — o)
(but K factor not implemented here)



Physics models implemented in Pythia
Multiple Interactions

Consequence of composite nature of hadrons!

Evidence:
e direct observation: AFS, UA1, CDF
e implied by width of multiplicity
distribution + jet universality: UAS

e forward-backward correlations: UAS
e pedestal effect: UA1, H1, CDF

One new free parameter: p | min

—Ojet = — dp] = / dp1
2% ety dpd Jo dpt (n7,+p1)?

A Measure of

- colour screening length d
e in hadron:

A~ /b PLmin (d) ~ 1(= T) »

resolved screened



Physics models implemented in Pythia
Hadronization: Lund String Model

In QCD, for large charge separation, field lines seem to be
compressed to tubelike region(s) = string(s)

=)

by self-interactions among soft gluons in the “vacuum”.

(Analogy: vortex lines in type Il superconductor)
Gives linear confinement with string tension:
F(r)~const=rk=~1GeV/Im = V(r)=~~sr
Confirmed e.g. by quenched lattice QCD 27



Physics models implemented in Pythia

Real world (77, or at least unquenched lattice QCD)
—— nonperturbative string breakings gg... — qQ

simplified colour
representation:

VE:P)

quenched QCD

full QCD

short-distance Coulomb part

28

-



Physics models implemented in Pythia

Repeat for large system = Lund model
which neglects Coulomb part:

- | - -

Motion of quarks and antiquarks in a qQ system:

gives simple but powerful picture of hadron production
(with extensions to massive quarks, baryons, ...)

29



Physics models implemented in Pythia

The Lund gluon picture — the most characteristic feature:

g (7b)

\ Gluon = kink on string,
snapshots of string position

carrying energy

and momentum.
- q (7) Force ratio
_ gluon/ quark = 2,
strings stretched | of QCD
/ from g (or Q) endpoint Ne/Co — 0/4
v via a number of gluons c/Cr =9/
A_/ to @ (or qq) endpoint
q (b)

e Few parameters to describe energy—momentum structure!
e Many parameters to describe flavour composition!

HERWIG cluster fragmentation: the opposite

Numerous and detailed tests at LEP favour string picture
... but much uncertain when moving to hadron colliders.



Physics models implemented in Pythia
Summary (so far)

* Big selection of subprocesses *
but often not enough, so

* Standard interface for including external processes *

* State-of-the-art parton showers *
... but much to be done on ME + PS matching

* The trend-setting model for underlying events =
* The most realistic and successful model for hadronization
* Extensive documentation: 450 pp manual + update notes »

* \Webpage http://www.thep.lu.se/~torbjorn/Pythia.html

Nobody ever got fired for using PYTHIA! (?)
but also
Nobody is perfect!

S0, whichever is your favourite generator,
you always need cross-checks!



Physics models implemented in Pythia

[...] The Monte Carlo simulation has become the major means of visual-
ization of not only detector performance but also of physics phenomena.
So far so good. But it often happens that the physics simulations provided
by the Monte Carlo generators carry the authority of data itself. They look
like data and feel like data, and if one is not careful they are accepted as
if they were data.

[...] | am prepared to believe that the computer-literate generation (of
which | am a little too old to be a member) is in principle no less compe-
tent and in fact benefits relative to us in the older generation by having
these marvelous tools. They do allow one to look at, indeed visualize, the
problems in new ways. But | also fear a kind of “terminal iliness”, perhaps
traceable to the influence of television at an early age. There the way one
learns is simply to passively stare into a screen and wait for the truth to
be delivered. A number of physicists nowadays seem to do just this.

J.D. Bjorken

from a talk given at the 75th anniversary celebration of the Max-Planck Institute of Physics, Munich,

Germany, December 10th, 1992 As quoted in: Beam Line, Winter 1992, Vol. 22, No._ 4

2



Nomenclature

KF (according to PDG) and KC codes

KC = PYCOMP(KF)

KF = KCHG(KC,4)

Name | Printed | KF | Name | Printed KF | Name | Printed || KF | Name | Printed
1 d d 11 e e- 21 " g 31
2 u u 12 Ve nu_e 29 v gamma 39 ZID 730
3 S S 13 [ mu-— 29 70 70 33 | 70 710
1 c c 14 vy nu._mu 24 | Wt W+ 34 | W't W+
D b b 15| 7~ tau- 25 KO ho 35 | HO HO
6 t t 16 Vs nu_tau 2% 36 A0 AO
7 b’ b’ 17 7! tau’ 97 37 | gt H+
8 t! t’ 18 vl nu’_tau 28 28
9 19 29 39 G Graviton
' 20 30 A0
41| RC RO
42 Lq LQ
33




Nomenclature

KF (according to PDG) and KC codes
KF = 1000z + 1007 4+ 10k 4+ 2s 4+ 1

KF | Name Printed KF | Name Printed KF = ]-DUDE _|_ J-UD_? _|_ 25 _|_ ]-
1114 A~ Delta- KF | Name | Printed KF | Name | Printed
2112 | n no 2114 | A° Delta0 1103 | dd; | dd1
29212 p p+ 2914 | AT Delta+ 2101 | wudy ud_0 2103 | wud; ud_1
2994 | ATt Delta++ 2203 | uwmy uu_1
3112 V- Sigma- 3114 *— Sigma*- 3101 sdp sd_0 3103 sdy sd_1
31992 A Lambda0 3201 sty su_0 3203 sy su_l
. 3303 8s1 ss_1
3212 | x° Sigma0 || 3214 | x*0 Sigma*0 -
KF = {100 max(i. j) + 10min(, j) + 2s + 1} sien(i — j) (—1)™ax(@.7)
3222 | T* | sigma+ || 3224 | Tt | Sigmax+ { t.J) .4) ) sign(i —4) (1)
3312 = Xi- 3314 | ="~ Xi*- KF | Name | Printed | KF | Name | Printed
3322 | =0 Xi0 3324 | =*0 Xi*0 211 | «t pi+ || 213 | pt rho+
3334 | Q7 Omega- 311 | K KO 313 | K* K*0
4112 | X0 | sigmacO | 4114 | ¥ | Sigma*_cO 321 | KT K+ 323 | K*F K*+
4122 | A7 | Lambda c+ 411 | DT D+ 413 | D** D+
4212 | S | sigmac+ || 4214 | Tt | Sigmak_c+ 421 | DY DO 423 | D0 D0
4222 | B+ | sigma_c++ || 4224 | £t | Sigmax_c++ 431 | DI | Ds+ | 433 | D{T | Dxs+
4132 | =0 Xi_cO 51:1 BY BO 513 | B* B0
4312 | =0 | Xi’co | 4314 | E° Xi*_cO Oi ? B+ dig i; B+
4999 =+ - DO 5 B_SO 53, ; B*_SO
4232 = Xic+ 541 B+ B c+ 543 B*T B*_c+
4322 | =T Xi’ _c+ 4324 | =T Xi*_c+ 2 < -C 0 < <
4332 | Q0 | Omegaco | 4334 | 2% | Omega* co e pio | 1131 p rho0
- — . _— *— . 221 7 eta 223 w omega
5112 | %o | sigmab- || 5114 | ¥~ | Sigma* b- K[ Namo | Printed ||| 53 ??, A s hf
5122 | A} | Lambda b0 1000001 | 4y ~dL _ / - ¢ pat
5212 | %0 | Sigmabo | 5214 | %0 | Sigmaxbo | 1000002 a | ~ux ||| HML]ome | oetac | 4434 J/v o J/psi
- < =~ . 4= EES :
5999 5 Sigma b+ | 5224 zg-g- Sigma* b+ 1000003 | sg, s L 551 s etab | 553 T Upsilon
130 | K} K_LO
310 | K3 K_SO




Output of the codes

C...Programme PyList.f
C...EXTERNAL statement links PYDATA on most machines.
EXTERNAL PYDATA

CALL PYLIST(11) ! PYLIST(12) - full table particle data
END

gives KF gives also IDC-codes of decay modes

Installation and running:
wget www.***/pythia64**.f or through psft
g77 —c pythia64**.0 pythia64**.f

pico PyList.f
g77 PyList.f pythia64**.0
Ja.out > pylistl2

35


http://www.***/pythia64**.f

Processes in Pythia (sus)

No. Subprocess

Hard QCD processes:

1M1 fif; — fif;
12 ff; — fifs
13 fif; — gg
28 f,g—fig
53 gag — fifk
68 gg— gg

No. Subprocess

84 gy — QiQu

Soft QCD processes:

91 elastic scattering

92 single diffraction (X B)
93  single diffraction (AX)
94  double diffraction

95  low-p, production

Closed heavy flavour:
86 gg— J/vg
87 99 — xocd
88 099 — x1cd
89  gg — x2cd

104 99 — xac

105 99 — xac

106 gg — J/u+y

107 gy — J/ug

108 vy — J/vy

Open heavy flavour:
(also fourth generation)
81 fifi — QuQ
82 ga— Q:Q,

83 qif; — Qif:

W /Z production:
fz.f!. s "."*_.-"zc'
2 fif; — W=
22  fif; — 7970
23 ff; — Z°W+*
25 fifi — WHW-
15 fif; — gZ°

No. Subprocess
16 f,f; — gW*
30 fg—f;Z°
3 fig— fLWE
19 fif; = ~Z°
20 fif; — W=
3B fy — f;7°
B fy — W=
B9 4y — WHW-
70 W= — Z0Ww=

Prompt photons:

14 fifi — av
18 fifi— vy
29 f,g—fx

114 gg — vy

15 99— gy

Deeply Inel. Scatt
10 fif; — fi.f
99 +'a—q




Processes in Pythia (sus)

No.

Subprocess

No.  Subprocess
Photon-induced:
33 fiv— g
M fiy— Ty
54 gy — fifs
b8 vy — LT,
131 fing — fig
132 fiyy — fig
133 fin7 — iy
134 fi — Ty
135 g5 — fif;
136 gy — fif;
137 VT — f.f;
138 39 — fifs
139 vy — fif;
140 'y — fif;
80 giy — gpm™
Light SM Higgs:
3 fifi— ho
24 fifi — Z°n°
26 f;f; — W=h°

No.  Subprocess
32 f;,g— f;h°
102 gg— h°
103 ~y — h°
110 fif; — vh?
11  f;f; — gh®
112 f;g — f;h"
113 gg — gh®
121 gg — QiQxh®
122 q — QiQ:h°
123 fif; — fif;h°
124 fif; — fi.fih®
Heavy SM Higgs:
5 Z97° - nh°
8 WHrwW- —nh°
M ZpZy — 27727
72 ZPZP — W}w[
73 ZPWP — ZPWP
76 WrwWp — Z202P
77 WIEWE — WEW5

BSM Neutral Higgs:

151
152
153
171
172
173
174
181
182
183
184
185
156
157
158
176
177
178
179

f,f; — H°

gg — H°

¥y — H°

fﬁl. . FOHO
£, — WEHo
fif; — f.f;HO
fif; — fufiHO
agg — QrQxH®
Q:T: — @ QH°
f.f. — gHO

f.g — f,HO

gg — gH°

fF. — A°

fif; — W*A°
fif; — fif; A
fif; — fL.HA°

37



Processes in Pythia (sus)

No. Subprocess

186 gg — QEQA°
187 g0 — Q Q,A°
188 fif; — gA”

189 fg — f;A°

190 gg — gA®©
Charged Higgs:

143 ff; — H

161 fig — fH+
Higgs pairs:

297 fif; — HEho
298 f;f; — H*HO
299 f.f; — A%n°
300 fif; — APHC
301 fif; — HTH-
New gauge bosons:
141 fif; — /292"
142 ff, W'
144 ff; =R

No. Subprocess
Technicolor:

149  gg — M

191 fifi — pl
192 £F; — p-
193 fifi — wl
194 f,f; — fifs
195  fif; — fi.T
361 fifi — WIwp
362 fif; — Winh
363 fifi — mim
364 fif; — ynl
365 fif; — 7L
366 fif; — Z%2
367 fif; — Z%'L.
368 fif; — WErL
370 fif; — WiZP
37 fif; — Winl
372 fif; - 2}
373 f.f §— WMo
34 fif; — ym

No. Subprocess

375 fif; — Z%
376 fif; — WHnl
377 ff; — WERL
381  q:;0; — q:q;
382 qT; — 0,0,
383 0;0, — gg
384 f.g— fig

385  gg — q.Qg
386 09— gg

387 fif, — Q.Q.
388 gg — QrQs

Compositeness:

146 ey — e*

147  dg — d*

148 ug — u?

167 a;q; — d*a,
168 a:q; — u*ax
169 q;q; — e*e ¥

165  fifi(— v*/Z°) — fife
166 fT;(— W*) — f,T




Processes in Pythia (sus)

No.  Subprocess

Leptoquarks:

145 gy — Lg
162 qd — qu
163 ad — LQEQ
164 g0 — LQEQ

No.  Subprocess

Left—right symmetry:
M1 Ll — HPE
342 4l — H3*
343y — Hytet
344 Py - Hited
345 Ly — Hp et
346 £y — Hytp®
34T £y — HiFr+
M8 [y — HESTT
349  fifi — HyTH; -
350 fifi — H; H -
351 fif; — ffiHT
352 fif; — ffiHE
33 ffi — Z%

B4 T — W5

Extra Dimensions:
391 ff— G*
392 gg— G*
393 qgq — gG*®
394 qgg — qG*
395 gg — gG*

SUSY:

201 fif; — 8.8
202 ff; — &xE,
203 T — 8.8+
204 fif; — fof}
205 i — frij
206 £ — ficfip+
207 ffi = 77
208 fif; — T2
209 ff — AT+
210 fif; — i3+
211 ff; — For+
212 fif; — i+
213 T — vr®

No.  Subprocess
214 ff; — b,

216 fif: — viv1
217 fifi — Yavo
218 fifi — Vav3
219 fifi — VaXa
220 fifi — Y1x2
221 fifi — X1x3
222 fifi — X1Xa
223 fifi — Ya¥3
224 fifi — Ya¥a
225 fif; — YaXa
226 fifi — X1x3
227 fifi— X32%2
228 fifi — Xix3
229  fif; — x1x3
230 fif; — VaXy
231 fif; — X353
232 ff; — XaX3
233 fif; — 1x:
234 T — Yax2




Processes in Pythia (sus)

No.  Subprocess
235 fif; — Xax:
236 fif; — XaXz
237 fif; — dv1
238 ff; — 8%
239 ff: — d%a
240 T, — 8%
241 ff; —ax;
242 fif; —axs
243 T, — @g
244  gg — ag
246 .0 — Qirxa
247 ;0 — GipX1
248 ;0 — QiLx»
249 1,0 — QirX2
250 fig — Qirxs
251 fid — Qirys
252 ;0 — GipXa
253 ;.0 — QirXa

No. Subprocess
254 1,0 — QiLxy
256 1,0 — QX3
258 f;0 — G;.0

259 f;0 — Qird

261 fif; — tit3

262 fT: — Tof

263 ff, — Lis+
264 gg — 4Lt}

265 gg — Tt

271 fif; — QinGje
272  fif; — Qigd;r
273 fif; — QipQjp+
274 fif; — QuG}L
275 fif; — Q:rQ;R
276 fif; — Qi QiR+
277 fifi — @;.8:c
278 fif; — @;p03R
279 g9 — QLG 1

No.  Subprocess

280 gg — Q:rQr

281  bag; — bidir

282  ba; — bodinr

283 ba;— Ef'lﬁrﬂ + Ef'zﬁz'f.
284 bg; — b1@;L

285 bad; — b.drk

286  bd; — b1drp + b2GYL
287 fif; — bib?

288 f.f; — babz

289 gg — b,b?

290 gg — bobz

291 bb — byb;

292 bb — babs

293 bb — bibs

294 bg — b1d

295 bg — b.d

296 bb — bibz+




Process setup

PYINIT + MSEL +/ MSUB +/ MSTP +/ MDME +/ ...

MSEL=0 + MSUB +/ MSTP

q Z .
0 +
\ Z ) B 7 c
q ~ o s
—
W™ -

MSEL lets (=0) to make choosing process by “hands” (MSUB +/ MSTP)
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Some other parameters

MSTP — see manual
MSTP(1)=4 — 4-th generation install
MSEL=4 — switching on of 4-th gen.
MSUB(81)=1
MSUB(82)=1 for quarks of 4-th gen.
MSTP(51) — PDF (D=7 — CTEQ5L)
PMAS(KC,1) — mass of KC-particle

MDCY(KC,1)=0,1 — switching off/on decay (for modes (IDC) switched on with
MDME at branching BRAT(IDC)), excluding resonances

PMAS(KC,2)/ PMAS(KC,2) — width/lifetime (GeV/mm) — does not work for
resonances

MWID(KC)=0,1 — switching off/on resonance decay

CKIN(1/2) — min/max sqrt(s)

CKIN(3/4) — min/max pT (for 2->2)

CKIN(13/14) — min/max n(D=+-40) 42



Common parameters of generated

event

COMMON/PYJETS/N,NPAD,K(4000,5),P(4000,5),V(4000,5)

N — the number of products in one event
K (1-4000,1-5)
K(l,1) — status of i-th (intermediate) product (see manual)
K(l,2) — KF-code of i-th product (at i-th line)
K(l,3) — number of line of the parent (if any)
K(1,4/5) — number of 1st/last daughter (if any)
P(1-4000,1-5)
P(1,1-5) — px,py,pz,E,m of i-th product
V(1-4000,1-5)
V(1,1-5) — x,y,z,t,lifetime of i-th product
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Some functions of Pythia

CALL PYEVNT - generation of the given event => all the data arrays are filled
out: N, K(I,1-5), P(1,1-5), ...

PYEDIT(1) — leave only stable (long living) products —i.e. to decay everything
what decays quickly

PYLIST(2) — printing out of event
PYSTAT (1) — printing out of cross section

PYHIST — drawing of histogram/ CALL PYFILL(1,P(1,4),1D0) — filling/
PYBOOK(1,”Spectrum”,100,0D0,100D0) — booking

CALL PYEXEC - fulfill the chosen options
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Output of Pythia (1)

http://lnome.fnal.gov/~mrenna/041207_pythia_tutorial/03_041207_pythia_tutorial PS 2 sample.out.txt

Event listing (standard)

| particlefjet K(,1) K(,2) K(,3) K(,4) K(,5 P@1) P12  P(,3) P(1,4) P(1,5)
1 1p+! 21 2212 0 0 0 000000 0.00000 3499.99987 3500.00000 0.93827 )

2 1p+! 21 2212 0 0 0 0.00000 0.00000 -3499.99987 3500.00000  0.93827

3 1g! 21 21 1 0 0 -1.52733 1.37843 184.46649 184.47796  0.00000 CTpykTypa
4 ! 21 2 2 0 0 0.38909 -0.48905 -224.85248 224.85335  0.00000 >KOpHeBOI'O
5 lubar! 21 -2 3 0 0 -0.84004 -2.69293 -100.17106 100.21077  0.00000 npouecca
6 u! 21 2 4 0 0 0.20126 -0.25296 -116.30618 116.30663  0.00000

7 120! 21 23 0 0 0 -0.63878 -2.94589 -216.47723 216.51739 2.88154

8 Imu-! 21 13 7 0 0 -0.55408 -2.42260 -79.10463 79.14373  0.10566

9 Imu+! 21 -13 7 0 0 -0.08470 -0.52330 -137.37260 137.37366 0.10566 _/

10 (Z0) 11 23 7 11 12 -0.63878 -2.94589 -216.47723 216.51739 2.88154

11 mu- 1 13 8 0 0 -0.55408 -2.42260 -79.10463 79.14373  0.10566

12 mu+ 1 -13 9 0 0 -0.08470 -0.52330 -137.37260 137.37366  0.10566

13 (u) A 12 2 3 28 28 076118 2.14258 -4.98506  5.48906 0.33000

14 (g) | 12 21 3 28 28 -1.97802 2.50209 183.83048 183.85815  0.00000

15 (uu_1) V 11 2203 1 28 28  1.02216 -0.90376 2672.07524 2672.0757 0.77133
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Output of Pythia (2)

MSTP(125)=0 (D=1)

Event listing (standard)

see p.86 of manual

| particlefjet K(1,1) K(,2)K(,3) K(@,4) K(,5 P@1) P@12 P13 P(4) P(1,5)

1 (20) 11 23 0 2 3 -0.63878 -2.94589 -216.47723 216.51739  2.88154
2 mu- 1 13 0 0 0 -0.55408 -2.42260 -79.10463 79.14373  0.10566
3 mu+ 1 -13 0 0 0 -0.08470 -0.52330 -137.37260 137.37366 0.10566
4 (u) A 12 2 0 19 19 0.76118 2.14258 -4.98506 5.48906  0.33000
5 (g) l 12 21 0 19 19 -1.97802 2.50209 183.83048 183.85815 0.00000
6 (uu_1) V 11 2203 0 19 19 1.02216 -0.90376 2672.07524 2672.07570 0.77133
7 (d) A 12 1 0 38 38 050517 -0.47468 6.86331 6.90611  0.33000
8 (9) | 12 21 0 38 38 010823 -0.62221 -2.75806 2.82944  0.00000
9 (9) | 12 21 0 38 38 0.60915 -0.18717 0.00388 0.63727  0.00000
10 (g) | 12 21 0 38 38 -9.03034 -3.15734 -24.98398 26.75286  0.00000
11 (g) | 12 21 0 38 38 -0.22724 0.10068 1.80241 1.81946  0.00000
12 (g) | 12 21 0 38 38 -4.29475 2.36977 59.45086 59.65287  0.00000
13 (g) 12 21 0O 38 38 -3.10020 -1.79857 526.70190 526.71409 0.00000
14 (g) | 12 21 0O 38 38 0.22724 -0.10068 15.51683 15.51882  0.00000
15 (g) | 12 21 O 38 38 3.10020 1.79857 27.66076 27.89200  0.00000
16 (g) | 12 21 O 38 38  4.20475 -2.36977 2.90457 5.70064  0.00000
17 (g) | 12 21 O 38 38 9.03034 3.15734 -1525.02585 1525.05586 0.00000
18 (ud_0) V 11 2101 O 38 38 -0.38909 0.48905 -1722.58005 1722.58027 0.57933
19 (string) 11 92 4 20 37 -0.19468 3.74091 2850.92066 2861.42291 244.90488
20 (rho0) 11 113 19 96 97 058193 1.70730 -3.37863  3.92555 0.86099
21 p+ 1 2212 19 0 0 -0.02072 -0.13075 0.04995  0.94888 0.93827
22 nbar0 1 -2112 19 0 0 -0.17745 0.63069 0.16922 1.15788 0.93957
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Common blocks In fortran 77

COMMON-blocks are used instead of global variables:
In the main programme:

common /coeff/ alpha, beta
In any subroutine, used the same variables:

common /coeff/ alpha, beta

The most full declaration of the Pythia common-blocks is in

http://projects.hepforge.org/pythiab/examples/main60.f

a7



1a) pp2y2uu

16) pp2y2pp(p>ew)
1B) pp2yup

2a,0,B) pp2y+Z2>up
3a,6,B) pp2>W=2apv

4) pp2>W-ev

5) pp=2tt=2...

6) pp>1.f,

7) ee~>...

Tasks

c, dN /dE
o, dN_/dE
c, dN ., /dE

o, dNgy)/dE VS dNgn/dE
o(PDF), dN/dE
5, dN,,/dE
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Example
pp2Z2up (1)

c:******************************************************************

C...All real arithmetic in double precision.
IMPLICIT DOUBLE PRECISION(A-H, O-2)

C...Three Pythia functions return integers, so need declaring.
INTEGER PYK,PYCHGE,PYCOMP

DIMENSION Dmu(0:3500)

C...EXTERNAL statement links PYDATA on most machines.
EXTERNAL PYDATA

C...Commonblocks.

C...The event record.
COMMON/PYJETS/N,NPAD,K(4000,5),P(4000,5),V(4000,5)

C...Parameters.

C...Particle properties + some flavour parameters.
COMMON/PYDAT2/KCHG(500,4),PMAS(500,4),PARF(2000),VCKM(4,4)

C...Decay information.

C...Note that dimensions below grew from 4000 to 8000 in Pythia 6.2!
COMMON/PYDAT3/MDCY(500,3),MDME(8000,2),BRAT(8000),KFDP(8000,5)

C...Selection of hard scattering subprocesses.
COMMON/PYSUBS/MSEL,MSELPD,MSUB(500),KFIN(2,-40:40),CKIN(200)

C...Parameters.
COMMON/PYPARS/MSTP(200),PARP(200),MSTI(200),PARI(200)

(:********************************************************

C...Number of events, CM energy.
NEV=1000
ECM=7000.D0

(:********************************************************
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Example
pp2Z2up (2)

C particle: e mu gamma Z0 t
C KF: 11 13 22 23 6
C KC: 11 13 22 23 6

C process: ff->Z/gamma qg->QQ gg->QQ ff->zZg ff->Wg

C ISUB: 1 81 82 15 19
C

C decays: A->N4N4 A->E4E4 A->U4U4 A->D4DA4 A->tt
C IDC A=gamma: - 173 169 168 167
C IDC A=Z: 189 188 181 180 179

C...Selection of the processes: pp->Z/gamma->...
MSEL=0
MSUB(1)=1 ! =0 - process is switched off, =1 - switched on
MSTP(43)=3 ! D=3, 1- only gamma, 2- only Z, 3- Z+gamma

C...Switches of needed Z-boson mediated channels
DO 101SUB=174,189

10 MDME(ISUB,1)=0

C....for Z->mumu
MDME(184,1)=1

C....makes muon decay

c MDCY(PYCOMP(13),1)=1

O

...Setting sqrt(s) range acceptable for processes of interest
c CKIN(1)=2.*PMAS(13,1)+0d0

CALL PYINIT(CMS','p','p',ECM)
c CALL PYINIT('CMS' 'e-', e+ ,ECM)

C...Histograms.
CALL PYBOOK(13,'mu-spectrum',100,0D0,1000D0)

mu=0 !<10"31-1
Emu=0.0
DATA Dmu/3501*0d0/
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Example
pp2Z2up (3)

C...Event generation loop.
DO 200 IEV=1,NEV
if(mod(iev,100).eq.0) write(*,*) 'begin event no', iev

c if(IEV/5000.eq.IEV/5000.) write(*,*)'number of event =",|IEV
CALL PYEVNT
c CALL PYEDIT(1)

C...List first event
IF(IEV.LE.1) CALL PYLIST(2)

C...Counting of particles
DO 200 I=1,N
En=P(l,4)
IF(K(1,2).EQ.13) then
mu=mu+1
Emu=Emu+En
iIE=int(En)
Dmu(iE)=Dmu(iE)+1.DO/NEV
CALL PYFILL(13,P(1,4),1.D0)
ENDIF
C...End of event generation loop.

200 CONTINUE

C...Cross section - not relevant in this case. Histograms.
CALL PYHIST
CALL PYSTAT(1)
write(*,*)'multiplicities of mu',real(mu)/NEV

open(1,file="mu-spectrum.txt',status="new")
write(1,4)(Dmu(iE),iE=0,1000)

4 format(5(2x,e9.3))

c5 format(122(5(2x,e9.3),),/,/)

END
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CompHEP

http://comphep.sinp.msu.ru/
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Brief description

Package is aimed for calculation of cross sections and generation of hard
(basic) processes from matrix element (lagrangian) in the lowest order of
perturbation theory. No higher orders, loops, hadronization are possible.

All control is realized through interface (interactively).

Spm———Ty o i
i

Abztract

CompHEP package is created for calculation
of decay and high energy collision processes of
elementary particles in the tree approximation,

The main idea put into the CompHEF wasz to
make available passing from the Lagrangian to
the final distributionz effectively. with the
high level of automatization,

lze the FZ key to get the information about
interface facilitiez and the F1 key to get
online help.

53
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Installation

After registration at the webcite (it is not required for CalcHep), one dowloads the
last version of archive CompHEP.

Additionally, one needs to download and launch Xming (or similar) to work at
remote Linux-server under Windows. In putty, tick on X11. Under Linux, to enter at
server E307 use ssh —x.

Further, follow instructions at the webcite.

mkdir comphep

cd comphep

tar xzvf comphep-XXXX.tgz
cd comphep-XXXXX

Jconfigure unn ./configure ---with-gcc4

make

make setup WDIR=$HOME/comphep/run-XXXX - Creation of working
directory

cd run-XXXX

Jcomphep - before it, launch Xming and rm LOCK
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Example 1

P

( E CompHEP version 4.

Abstract

CompHEP package iz created for calculation
of decay and high energy collizion processes of
elementary particles in the tree approximation,

The main idea put into the CompHEP was to
make available pazszing from the Lagrangian to
the final distributions effectively, with the
high level of automatization,

Uze the F2 key to get the information about
interface facilities and the F1 key to get
online help,

>--¢ CompHEP version 4:5 ﬁ _LI—I—J-I

E CompHEP version 4.

p2>Zopp
B

=eEn X |

Model:  SM, unitary gauge

Abstract

CompHEF package iz created for calculation
of decay and high energy collision processes of
elementary particles in the tree approximation,

The main idea put into the CompHEF was to
make available pazsing from the Lagrangian to
the final distributions effectively, with the
high level of automatization,

Uze the F2 key to get the information about
interface facilities and the F1 key to get
online help,

E t
Ed bl

&t CompHEP version 4. I

Hodel:

SHM, unitary gauge

List of structure functions

OFF

+ WA (m=0,000511 Ch=-1 0=100)

+ Lazer Photons

+ ISR(100 Beamstr, 30FF)
10¢ PDF:ctegemlpraton)
11: PIF;cteqBmlanti-praton)
12: PIF:cteqfliiproton)
13: PIF:cteqBlifanti-protan)
14; PIF;cteqEd{praton)
15: PIF;cteqbd{anti-proton)
16: PIF:cteqSmliproton)
17: PDF:cteqbmlianti-protan)

1st Beam

2nd Beamy
2nd Beam Energy (Ged)
POF rumber 3 14

Model:  SM, unitary gauge
List of {antilparticles

G{G) gluan {4z )] photan () Z boson

W+iW=) W bosan nefMe)  neutring el(E} electron

M) mu-neutring mi M) UG nl{Ml)  tau-neutrino
103 tau-lepton ufl) u-quark diD} d-quark

ciC) c-quark =(5) =-quark (T} t-quark

[=14:3] b-quark H{HY Higgs

i L

Enter Final State: p.p —»
Exclude diagrams with
eep diagrams with 2

'gln, Home , End, #

Hodel:

Processy

diagrans
diagrans

SHM, unitary gauge
p-p - mM

Feynman diagrams
in 8
are deleted,

=subprocesses are constructed,




Example 1

Momentum
== assignment: 12->34

X

=l@] ® |

View squared diagrans
lirite results
il

Initial state
Model parameters
Constraints

OCD scale

Width schems: Fixed
Cuts

Kinematics
Regularization
Mumerical Session

Wiew squared diagrams
lirite results
[ er
Enter new process

REDUCE program
Make n_comphep
Prepare process,dat
Enter new process

 New Process

Subprocess
Initial state
Model parameters
Constraints

Regularization 1
OCD alpha

nbda ?

Width scheme: Fixed Alphall) plot
Cuts

Kinematics
Reqularization
Humerical Session




Example 1
pp2>Z>pp

s ¥ 5
¢ CompHEP version 4.5.1 EE ¢ CompHEP version 4.5.1 . = [ E e

Process: p.p — m.M (2 subprocesses i Process: p.p —» n.M (8 subprocesses)
cessi = m, {zubiProcess: u,ll =» mH
Honte Carlo sessiont 1(hegin)

Further, one
needs to repeat
for the processes
with other quarks
(subprocess) and
add the result

5 m,
Monte Carlo zession: 1(begin)

#IT  Cross zection [pb] Error # nCall

BE20E+02 2, 40E- 9792
2 1.6713E+02 2,37E-01 97592
3 1.BE34E+02 2,42E-01 9732
4 1.BE29E+02 3.22E-01 9792
5 2,78E-01 9792

1,16E-01 43360

Some other options:

Initial states — one can change init.energy, PDF
Model parameters and Constraints — the used parameters (masses,..)
Kinematics — scheme of momentum (particles) transitions (accessible, if ambiguous)

Set/Display distribution — assignment (before integration)/drawing (after) of
distribution (over limited set of variables)

Generate events — event generation (4-momentums of products) > F6 -

Write results — to write results for |[M|? in one of the formats suggested



Output of
CompHEP

(“new
format”)

Example 1
PPPeTm

>t CompHEP version 4.5.1 - 0] x|

ok

##beamy I0=1, energuy=3,50000E+03, KF=2212, name='proton', mass=3,38000E-01,:
##beam: I0=2, enerquy=3,50000E+03, KF=2212, name='proton', mass=9,38000E-01,:
##=trfun: Ilbeam=1, name='CTEQ', wersion='G11', POFid=R3, PIFgr=4,:
##ztrfun: IDbeam=2, name='CTEQ', wersion='611', FIOFid=%&, POFgr=4.:*
##process: ID=1, name="u U -> m M', CrosSec=2,41904E+02, CrozSecEre=1,B86D0E-0
3, Nparton=4,
mazter=3, tuype='scattering',:

##generatory Ilprocess=1, name='CompHEP', name='4.5,1',:
##n_event? IDprocess=1, M= 10000, mult=0,00000E+00, maxh=1,50512E+00, CutM=0
##parton: Ilprocess=1, in=1, out=0, KF=Z, name='u',

mazs=0, QOO00E+00, ¢
##parton: Ilprocess=1, in=2, out=0, EF=-2, name='l",

mazs=0, QOO00E+00, ¢
##parton: Ilprocess=1, in=0, out=3, EF=13, name='m',

mazz=1,086E0E-01,
##parton: Ilprocess=1, in=0, out=4, EF=-13. name='M"',

mazz=1,086E0E-01,
##CDinfo: IDprocess=1, WL=1, Wflavour=E, QCDLambda=1,B5200E-01.:
##format: IDprocess=1, ProcMumber='i', pl,3="17,10E', p2,3="1V,10FE', p3,1="17,
10E",

pa,2="17 A0E", p3.3="17,10E", p4,1="17 10E", p4,2="17,10E", p4,3="17
LDE",

Uzquared="10,3E"' . color_chain="string',:
##total: Nproc=1l, Mewent= 10000, CrosSec=2,41904E+02, CrosSecErr=1,68650E-03

+

P1, P2, Pax Pay

1: 2,8497141097E+02: -1, 0033652765E+00: -1, 2024559330E+01 1 -1, 1004361530E+01: 1,
B122624601E+02 1,2024003380E+01: 1,1004361830E+011 1,0273673618E+02 3+35ﬂEﬁ?
1061 232 p 7 p X

4 4 47
1: 4,319603 114E+UE:-E+G232040253E—01:-9+??32§QGSEGE+DD: 1,2730433482E+011 1,
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Example of ROOT script to read ComHep results (1)

TCanvas *vC1;
TGraph *grin, *grout;

void rd2()

{

/I File name

/I#include <math.h>

/l#include <TH2F.h>

/l#include <TH1F.h>

#define Nfiles 5

#define nch 20000

#define nchMU 25000

/I Int_t Nfiles = 5;

TString vinFile [Nfiles] = {"events_1.txt", "events_2.txt", "events_3.txt", $
Double_t mass = 2000.0, mass2=mass*mass;
Double_t mu=0.10566, mu2=mu*mu;

TString vinFileMU [4] = {"/afs/cern.ch/user/b/belotsky/comphep/run/mu/events$
"lafs/cern.ch/user/b/belotsky/comphep/run/mu/events_2.txt",
"lafs/cern.ch/user/b/belotsky/comphep/run/mu/events_3.txt",
"lafs/cern.ch/user/b/belotsky/comphep/run/mu/events_4.txt"}

/I File info

/I TString str [30];
TString strl,str2,str3,str4,str5,str6;
Float_t p1,p2;
Double_t crosec [Nfiles], crosecMU [4];
Char_t ch="A";
Int_t nev [Nfiles], nevMU [4];

/[ histogram parameters
Double_t weight [Nfiles];
Float_t X,Y,w;
/ read file and add to fit object
Double_t p1x [Nfiles][nch], ply [Nfiles][nch], p1z [Nfiles][nch];
Double_t p2x [Nfiles][nch], p2y [Nfiles][nch], p2z [Nfiles][nch];

Double_t psl [Nfiles][nch], ps2 [Nfiles][nch];

Double_t Resx [Nfiles][nch], Resy [Nfiles][nch];

Double_t pm1x [4][nchMU], pm1y [4][nchMU], pm1z [4][nchMUJ;
Double_t pm2x [4][nchMU], pm2y [4][nchMU], pm2z [4][nchMUJ;
Double_t psm1 [4][nchMU], psm2 [4][nchMU];

Double_t Resmx [4][nchMU], Resmy [4][nchMUJ;

/

/I read file

cout << endl << "Start of reading data on muon background." << endl;
for (Int_t Nf=0; Nf<4; Nf++)
{
ifstream vinputMU;
vinputMU.open(vinFileMU[NTf], ios::in);

Int_t Npos1=1269, Npos2=1347,

while(ch !="="
vinputMU.seekg(Npos1);
ch = vinputMU.peek();
cout << Nposl <<" and ch =" << ch << endl;
Nposl++;}
vinputMU.seekg(Npos1);
vinputMU >> crosecMU[NT];

=

/I cout << "muon partial cross section =" << crosecMU[Nf] << endl;

while(ch !=""){
vinputMU.seekg(Npos2);
ch = vinputMU.peek();
Npos2++;}

Int_t L, Nposi=Npos1+10;

for(Int_t i=0; i<12;){

vinputMU.seekg(Nposi); ch=vinputMU.peek();
if(ch == ""){if(i == 0){L=Nposi;} i++;}

Nposi++;}

L=Nposi-L-1,;

/I cout << "Lenght of line is " << L << endl;

Int_t ich=0;
while(! vinputMU.eof(){
vinputMU.seekg(Npos2);
vinputMU >> pm1x|Nf][ich] >> ch >> pm1y[Nf][ich] >> ch >> pm1z|[Nf][ich] >> $
vinputMU >> pm2x[Nf][ich] >> ch >> pm2y[Nf][ich] >> ch >> pm2z[Nf][ich];
psm1[Nf]lich]J=pm1x[Nf][ich]*pm1x[Nf][ich]+pmly[Nf][ich]*pm1y[Nf][ich]+pm1z[$
psm2[Nf][ich]=pm2x[Nf][ich]*pm2x[Nf][ich]+pm2y[Nf][ich]*pm2y[Nf][ich]+pm2z[$
Npos2=Npos2+L;
ich++:}
nevMUI[Nf]=ich-1,;
cout << "Number of events in " << Nf+1 << " channel is " << nevMU[Nf] << en$

vinputMU.close();
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Example of ROOT script to read ComHep results (1)

Double_t crosectotMU = 0.0;
for(Int_t Nf=0; Nf<4; Nf++){
crosectotMU += 2.*crosecMU[Nf];}
cout << "Total muon cross section =" << crosectotMU << " pb." << end|;
cout << endl| << "Start of reading data on useful signal." << endl;
for (Int_t Nf=0; Nf<Nfiles; Nf++)
{
ifstream vinput;
vinput.open(vinFile[Nf], ios::in);

Int_t Npos1=1269, Npos2=1347,;
while(ch !="="{

vinput.seekg(Npos1l);
ch = vinput.peek();

/I cout << Nposl << " and ch =" << ch << endl;

Nposl++;}
vinput.seekg(Npos1);
vinput >> crosec[Nf];

while(ch !=""{
vinput.seekg(Npos2);
ch = vinput.peek();
Npos2++;}

Int_t L, Nposi=Npos1+10;
for(Int_t i=0; i<12;){
vinput.seekg(Nposi); ch=vinput.peek();
if(ch ==""){if(i == 0){L=Nposi;} i++;}
Nposi++;}
L=Nposi-L-1;

/I cout <<"Lenght of lineis " << L << end];

/

/

Int_t ich=0;
while(! vinput.eof()){
vinput.seekg(Npos2);
vinput >> p1x[Nf][ich] >> ch >> p1y[Nf][ich] >> ch >> p1z[Nf][ich] >> ch;
cout << p1x[Nf][lich] <<" " << ply[Nf][ich] <<" " << p1z[Nf][ich] << end$
vinput >> p2x[Nf][ich] >> ch >> p2y[Nf][ich] >> ch >> p2z[Nf][ich];
cout << p2x[Nf][ich] <<" " << p2y[Nf][ich] <<" " << p2z[Nf][ich] << end$
ps1[Nf][ich]=p1x[Nf][ich]*p1x[Nf][ich]+ply[Nf][ich]*p1ly[Nf][ich]+p1z[Nf][ic$
ps2[Nf][ich]=p2x[Nf][ich]*p2x[Nf][ich]+p2y[Nf][ich]*p2y[Nf][ich]+p2z[Nf][ic$

=

=

Npos2=Npos2+L;

ich++;}

nev[Nf]=ich-1,

cout <<"Number of events in " << Nf+1 << " channel is " << nev[Nf] << endl,

vinput.close()

Double_t crosectot = 0.0, fact=2.0;
for(Int_t Nf=0; Nf<Nfiles; Nf++){
if(Nf==4){fact=1.0;}
crosectot += fact*crosec[Nf];}
cout << "Total useful signal cross section =" << crosectot <<" pb." <<endl;

/I THETAL1 VS THETA2 DISTRIBUTION

tml =new TH1F("tm1","MUON theta_1",45,0.,180.);
ttm2 = new TH2F("ttm2","MUON theta_1 vs theta_2",30,0.,180.,30,0.,180.);
for (Int_t Nf=0; Nf<4; Nf++) {
weight[Nf]=crosecMU[Nf]/nevMU[Nf];
w = float(weight[Nf]);
for (Int_t iev=0; iev<nevMU[N(]; iev++){
Resmx[Nf][iev] = acos(pm1z[Nf][iev]/sqrt(psm1[Nf][iev]))*180./3.14159265;
Resmy[Nf][iev] = acos(pm2z[Nf][iev]/sqrt(psm2[Nf][iev]))*180./3.14159265;
X = float(Resmx[Nf][iev]);
Y = float(Resmy[Nf][iev]);
ttm2->Fill(X,Y,w);
tm1->Fill (X,w);
ttm2->Fill(180.-X,180.-Y,w);
tm1->Fill(180.-X,w);

cout <<"The following histogrames are created:" << endl;

cout <<"tt2 = thetal vs theta2\n" << "t1 = thetal\n";

cout <<"e2 = Ekinl vs Ekin2\n" << "et2 = Ekinl vs thetal" << endl;

cout <<"ml=ml2\n" << "trl =thetal2\n" <<"mt2 =m12 vs thetal2." << endl;
cout <<"And the same for muons named with appending 'm' before 1/2" << end];
cout <<"Now mt2 is drawing." << endl;

mt2->Draw("contl1");

/* multigr = new TMultiGraph();

for (Int_t Nf=0; Nf<Nfiles; Nf++)

{
multigr -> Add(gr[Nf]);

}
multigr->Draw (" ALP");
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Task 1

Repeat the task fulfilled in Pythia, point a):

calculate cross section, write simulation data
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¥t ComnpHEP version 4.5.1

Abstract

=10] x|

CompHEP package iz created for calculation
of decay and high energy collision processes of
elementary particles in the tree approximation,

The main idea put into the CompHEP was to
make available passing from the Lagrangian to
the final distributions effectively, with the
high level of automatization,

Use the F2 key to get the information about
interface facilitiesz and the F1 key to get
online help,
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Example 2
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Example 2

Operations are very
limited
Pm1 Pm2> Pm3a» Pma

It A |

il

"'.ﬂicﬂmphepfrlm_4_5_ P P PR PP P P P P P

CDr Hame Size HMTime

. Hoc UP--DIR
alternatively,

fresults 4096 |0ct 3 20:15
J tomp 40896 | 5ep 27
fusr 40896 |0ct 1

. 8 2010

suitable LOCE 54|0ct 3 20:15

. *SLHL . sh 2427 |0ct 18 2010

manner *archiwv 305|Cct 18 2010

*cascade 496 |Cct 18 2010

*comphep 5T9|0ct 18 2010

. comphep.ini T2|0ct 18 2010

Similarly, for the make gui.log 4889|Sep 27 12:36

rest: Variab'es’ *mix B01|Cct 18 2010

traint *mk_tab 698 |Cct 18 2010

' COTT? ramn S’ *num kbatch.pl 46560 |0ct 18 2010
G(M3)=y,(V,s) mMLp3=p3,, particles

fmodels

B e e Y e et
1/models

Z EE/ (12*CW*5W) (3-4*%5W"2) *G (m3) *
>E""""""’“’“"=} 7 —CW*EE/SW m2 .pl*ml.m3-m3.pl
Hame Size MTime r W+ W—- —-FE™2 2%ml .m2*m3 .m3-ml .
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1043|0ct 18 2010 - z z -CH~2*EE~2/5W"2 2*ml.m2*m3 . m4-m1 .
il la A 2*EE G (m3)
lgrngl.mdl 5635 |0ct 18 1a 7 —2*EE*SW/CW = (m3)
lgrng3.mdl 50351 |HMar 31 tu Tu 2&FE ml.p2-ml.p3
lgrng4 .mdl 140985 |0ct 18 tu Tu EEL/ (2*CW*5W) ml.p2-ml.p3
lgrngs.mdl 114388 |0ct 18 £l 2 I*EE G (m3)
lgrnge.mdl 153259]|0ct 18 £1 7 EE/ [4*CW*5W) (1-4*5W"2) *G (m3) *
lgrng7.mdl 153260|0ct 18 nd A —2*EE/3 G (m3)
lgrngd.mdl 153258 |0ct 18 2010 nd G GG =(m3)
SN 4 6421 (43) of 104CHS ud  |H ~EE*Mud/ (2*MW*SW) 1
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Task 2

1) ppILacLac— (Q=-2, m=500 GeV, T3=0)
L, ~ F,(G(T,-Q-OZ)F, + f(G(-Q- O f,
2) pp2EC— (Q=-2, m=500 GeV, T3=-1/2)

3) pp20'¢  L=e(9d 0*-9*0,0)A, (M=500 GeV)
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MadGraph v.4

Tree-level event generator



Generation of the code on-line

Register on the web-site
nttp://madgraph.hep.uiuc.edu/

~or code generation use MadGraph v4

Code can be generated either by:

I. Fill the form:
Model: SM v Model descriptions
Input Process: e+e->mu+mu- Examples/format

Max QCD Order: 99
Max QED Order: 99
p and j definitions: p=j=duscd™u~ s c™g -

sum over leptons: +=e+ mu+;l-=e- mu-;vi=ve vm v~ =ve™, vm~



Created: Tue Nov 1 00:58:08 CDT 2011

1 3

Process: e+e->mu+mu- &

QCD=99

QED=99 A u
Model: sm 2 s

gen 1
Links Status
Process Information Generation Complete
Code Download Available

On-line Event Generation Available (access restricted)

Results and Event Database No runs available




Installation of MadGraph

* Download MadGraph V4

* Unpack the archive to the working directory
(tar -zxvf MG_ME_V4.5.1.tar)

* Enter the directory MG_ME V4.5.1, run make


http://madgraph.hep.uiuc.edu/Downloads/MG_ME_V4.5.1.tar.gz
http://madgraph.hep.uiuc.edu/Downloads/MG_ME_V4.5.1.tar.gz
http://madgraph.hep.uiuc.edu/Downloads/MG_ME_V4.5.1.tar.gz

Event generation and calculation of

the cross-section of the process

 Download the generated code (Code Download )

* Unpack the code to the newly created directory
in the folder MG_ME V4.5.1

Dir name Role or Content
lib libraries
Events event files, results, logfiles, plots.
bin executables and scripts
Source process independant source files
Cards steering cards
SubProcesses | directories containing subprocesses and process dependant source files

HTML

html files to surf on results



http://madgraph.hep.uiuc.edu/MadGraphData/igor_svadkovsky@mail.ru/PROC313/madevent.tar.gz

* For event generation and calculation of the cross-
section of the process e+e-2>mu+mu- execute
./bin/generate_events in your directory

* If you don’t need event generation you should
execute the following commands one by one
instead of the above mentioned command

./bin/survey
./bin/refine

In this case you get calculation of the cross-section
only.

* To see the results open results.html in the
SubProcesses directory




Process results
s= 43.728+ 0.124(fb)

Graph Cross Sect(fb) |[Error(fb) [Events (K) |Eff 'Unwgt |Luminosity
Sum 43.728 0.124 620.7
PO ete- mutmu- 43.728| 0.124 62 (0.7 | 463.00

e Generated events can be found in the Events

directory

* The format of this file is LHE
(runl_unweighted_events.lhe.gz)




The structure of the file with actual events

<event>
4 0 0.4372800E-05 0.9118800E+02 0.7546772E-02 0.1180000E+00
-1 -1 0 0 0 0 0.00000000000E+00 0.00000000000E+00 0,19915391434E+03 0.19915391434E+03 0.00000000000E+00 0. -1.

1 -1 0 0 0 0 0.00000000000E+00 0.00000000000E+00 -0.29258538952E+03 0.29258538952E+03 0.00000000000E+00 0. 1.
-13 1 1 2 0 0 0.19193037637E+03 -0.80279241429E+02 0.77979187277E+02 0.22217736074E+03 0.00000000000E+00 0. -1.
13 1 1 2 0 0-0,19193037637E+03 0.80279241429E+02 -0.17141066246E+03 0.26956194312E+03 0.00000000000E+00 0. 1.

</eventy



Working with cards in MadGraph

* Cards are used to change the parameters of the
model, to choose the energy of colliding particles
and number of generated events, to set the cuts
and so on. These cards can be found in Cards
directory

* To choose the values of the parameters of the
model, masses of gauge bosons, particle widths use
param_card.dat

* Energy and type of colliding particles, cuts, PDF-
functions can be edited with the help of
run_card.dat




Block SMINPUTS

param_card.dat

# Standard Model inputs

1 1.32506980E+02 # alpha em(MZ) (-1) SM MSbar
2 1.16639000E-05 # G Fermi
3 1.18000000E-01 # alpha s(MZ) SM MSbar
< 9.11880000E+01 # Z mass (as input parameter)
Block MGYUKZAWZ # Yukawa masses m/v=y/sqgrt(2)
F PDG YMASS
5 4,20000000E+00 # mbottom for the Yukawa y b
4 1.42000000E+00 # mcharm for the Yukawa y c
& 1.64500000E+02 # mtop for the Yukawa y t
15 1.77700000E+00 # mtau for the Yukawa y ta
Block MGCKM # CKM elements for MadGraph
1 1 9.75000000E-01 # Vud for Cabibbo matrix
Block MASS # Mass spectrum (kinematic masses)
F PDG Mass
5 4.,70000000E+00 # bottom pole mass
6 1.74300000E+02 # top pole mass
i5 1.77700000E+00 # tau mass
23 9.11880000E+01 #F Z mass
24 £.04190000E+01 FW mass
25 1.20000000E+02 #F H mass
F PDG Width
DECAY 3 1.50833649E+00 # top width
DECAY 23 2.44140351E+00 FZ width
DECAY 24 2.04759851E+00 FW width
DECAY 25 5.75308848E-03 #F H width
F BR NDA ID1 IDh2
8.27451012E-02 2 4 -4 # BR( H->c ckar )
7.17809696E-01 2 5 = # BR( H -> b bbar )
0.00000000E+00 2 6 =7 # BR( H->t tbar )
4.,31720144E-02 2 15 =15 # BR( H -> tau- tau+)
6.30597075E-03 2 23 23 # BR( H —> Z Z™ (%))
7.45906395E-02 2 24 =24 # BR( H->W W~ (%))
3.01765558E-02 2 21 21 # BR( H -> g (o1 )
1.42800773E-03 2 22 22 # BR( H -> 4 n )



run_card.dat

# Number of events and rnd seed *
#*****k*****t*********t**k*****k*********t********t*********t********t

10000 = nevents ! Number of unweighted events requested
22 = iseed ! rnd seed (O=assigned automatically=default))
#**t*****t************t*****t**ﬁ*****k***t*****t**ﬁ****t****t*****t***
# Collider type and energy o
#***************k*#****************k*#****************k*#*************
1 = 1lppl ! beam 1 type (0=NO PDF)
1 = 1lpp2 ! beam 2 type (0=NO PDF)
7000 = ebeaml ! beam 1 enerqgy in GeV
7000 = ebeam?2 ! beam 2 enerqgy in GeV
#*****k************k*****k******************k************k*****k*****t
# Beam polarization from -100 (left-handed) to 100 (right-handed) *
#**********t*************************************t*#*kk*************t*
0 = polbeaml ! beam polarization for beam 1
0 = polbeam2 ! beam polarization for beam 2
#*kk*****kk****kk****kk*****kk****kk****kk*****kk****kk****kk*****k***
# PDF CHOICE: this automatically fixes also alpha s and its evol. *
#k********************************************************************
'cteg6ll’ = pdlabel ! PDF set

#****#************k*****k************k*****k************k*****k*****k*

# Renormalization and factorization scales *
#*********************************************************************

F = fixed ren scale ! if .true. use fixed ren scale

F = fixed fac scale ! if .true. use fixed fac scale

91.1880 = scale ! fixed ren scale

91.1880 = dsgrt g2factl ! fixed fact scale for pdfil

91.1880 = dsgrt g2fact2 ! fixed fact scale for pdf2

1 = scalefact ! scale factor for event-by-event scales



Type of colliding particles (Ippl and lpp2 in the
card run_card.dat)

-1: PDF for antiproton
O: PDF is switched off
1: PDF for proton
2: PDF for photon



PDF-functions in MadGraph

name pdflabel | data file ag(myz) | nloop
MRST2002NLO | mrs02nl | mrst2002nlo.dat | 0.1197 2
CTEQ6M cteqb_m | cteqbm.tbl 0.118 2
CTEQG6D cteq6_d | cteqbd.tbl 0.118 2
CTEQ6L cteq6_1 | cteq6l.tbl 0.118 2
CTEQG6L1 cteq6ll | cteq6ll.tbl 0.130 1
CTEQ5SM cteqb_m | cteghm.thl 0.118 2
CTEQ5SL cteq5_1 | cteq5l.tbl 0.127 1




Generating events off-line

e Execute the following command in the
MG_ME V4.5.1 directory

cp —R Template Dir name
* Folder named Dir name should appear
e Edit the card proc_card.dat

#§ Begin PROCESS # This is TAG. Do not modify this line

pp>gg @1 # First Process

QCD=10 # Max QCD couplings
QED=10 # Max QED couplings

end coup # End the couplings input

done # this tells MG there are nc more procs



* To generate the code off-line in the Dir_name
directory execute

./bin/newprocess
* To see the diagrams open the file index.html

MadEvent Card for pp>gg

Created: Mon Nov 7 14:33:13 CST 2011

Process: pp~gg

QCD=10 :

QED=10 ;
Model: sm 2 /'/ B

gun 1
Links Status
Process Information Generation Complete
Code Download Available
On-line Event Generation Available (access restricted)

Results and Event Database No runs available




* Edit the cards param card.dat and
run_card.dat (e.g. require 200 events)

* ./bin/generate_events



Hadronization

e Download the Pythia and PGS package from the
web-site, install it in the MG ME V4.5.1

directory (tar -zxvf ..., make)

* For this package to operate you should have
cards pythia card.dat and pgs card.dat in the
Cards directory

* Next step is a usual event generation: the
package will operate automatically while the
event generation


http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/pythia-pgs_V2.1.12.tar.gz

* After event generation in the Events directory
some new files appear such as:

pythia events.lhe.gz
pythia _events.hep.gz
pgs events.lhco.gz



Working with the MadAnalysis package

* Download the MadAnalysis package from the
web-site, install it in the MG_ME V4.5.1 directory

* Execute ./plots events, then indicate the pathway
to the file with actual events (.Ihe or .lhco)

* After the execution of the above command in the
MadAnalysis directory you should see the file
plot.top (to work with this file you need
Topdrawer)



http://madgraph.phys.ucl.ac.be/Downloads/MadAnalysis_V1.1.4.tar.gz

Working with Topdrawer

* Download Topdrawer
(see Downloads/MadAnalysis)

e Version for Windows: in the command line execute
the ..\td.exe plots.top (file plots.top should be
placed to the same folder as the file td.exe)

* Open plots with the help of gsview



Conversion to the ROOT format

* Download the ExRootAnalysis package from the
web-site, install it to the MG_ME_V4.5.1 directory

* Enter the ExRootAnalysis directory and execute

ExRootSTDHEPConverter
"PATH_TO_YOUR_DIRECTORY"/runl1_pythia_events.hep
"PATH_TO_YOUR_DIRECTORY"/runl1_pythia_events.root



http://madgraph.phys.ucl.ac.be/Downloads/ExRootAnalysis/ExRootAnalysis_V1.0.7.tar.gz
http://madgraph.phys.ucl.ac.be/Downloads/ExRootAnalysis/ExRootAnalysis_V1.0.7.tar.gz

MC generators: experimentalist
point of view



way.

Real experiment

We obtain new knowledge from experiment of high energy physics not in direct

We have to compare real data with MC simulated data treated in the same way.
MC simulation should base on our modern theoretical knowledge.

The target of this course — MC generation - is the start point to obtain MC
simulated data (mentioned above).
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Structure of the experiment: Where is the place of MC generators?

The chain of treatment with data and simulation we can show schematically
(below). On this scheme we can show where do we use different program

packages and tools to treat (create/change) of the data flows:

Simulation

Detector
simulator

MC Generator Reconstruction Analysis

Expec i
b i
T4 14

m,

Reconstruction

Y

(Compa rison

~

4

obtaining of

the physical

\result

J

//
! |
[




MC simulation is more complicated...

MC generator consists on several parts.
There are simple ME generators (calculators) and multi-purpose generators.

Idea

Lagrangian

Feynman rules ] LO generators

A

NLO generators

A

[ ME Generator MadGraph, CompHEP, MCFM, VBENLO...

Parton shower
developing

Underlying events

Multi-purpose
|

Hadronization

N

Pythia, Herwig,...

Detector
simulation

Raw simulation
data




Generator VICFM



Generator MCFM

MCFM (Monte Carlo for FeMtobarn processes) — parton level ME generator
(calculator). This genarator simulates different processes on hadron-hadron
colliders with cross-sections on femtobarn level.

For most of the processes matrix elements include more precision cross-section
calculation mechanism — NLO (next to leading order) and take into account
different spin correlations.

This generator uses Fortran code. However it is under full support even now. It
is widely in use for theoretical predictions for the fenmtobarn cross-section
level processes.

In particular, it has been used for Tevatron experiments. Currently CERN
scientists (from LHC experiments) are using it too.

It gives very good and precise predictions for the cross-sections.

Current version is MCFM-6.6 (April 2013)
Site:
http://mcfm.fnal.gov/



http://mcfm.fnal.gov/
http://mcfm.fnal.gov/

Generator MCFM: installation

Download tar archive, unpack.
You can install it with or without additional packages like LHAPDF (additional

parton distribution functions), CERNLIB (possibility to make histograms) etc.
(You need Fortran90 compiler)

tar —xvf MICFM-6.6.tar.gz
cd MCFM-6.6
JInstall
make

(~5-10 minutes)

EEADME =rc

If you need LHAPDF —you
have to edit makefile

(write the LHAPDF lib path) . S
and execute ‘make’ [esoldato@lxplus425] fafs/cern carea/h



Generator MCFM: Structure

The directory structure of the installation is as follows:

e Doc. The source for this document.

e Bin. The directory containing the executable mcfm, and various essential

files — notably the options file input.DAT.

e Bin/Pdfdata. The directory containing the PDF data-files.

e obj. The object files produced by the compiler.

e src. The Fortran source files in various subdirectories.

® QCDLoop. The source files to version 1.9 of the Fortran library QCDLoop. The
location of these libraries is set in the makefile (by QLDIR and FFDIR) and may be
changed to reflect existing installations if desired.

a/herwig/MCFHM-6.6% 1]

rwig/HMCFHM-6.6%



Generator MCFM: Run

To start the mcfm generator you should be in Bin folder and execute:
./mcfm [mydir] [myfile.DAT]
By default you’ll use input.DAT in the same folder as a config file.

input.DAT — file, which contains all main settings

Each parameter in the input file is specified by a line such as

value [parameter]

and we will give a description of all the parameters below, together with valid
and/or sensible inputs for value.

¢ file version number. This should match the version number that is
printed when mcfm is executed.

e nevtrequested. The default for this parameter is -1 and for the following
three parameters it is .false.. This corresponds to the usual

mode of operation where the program produces a cross section and a
selection of histograms. It is possible to generate n-tuples instead of
histograms, as well as unweighted events, for some processes.



Generator MCFM: Settings

e creategrid. Flag to control whether or not to write out a grid file suitable
for further processing by APPLgrid. Please contact the APPLgrid

authors for further information.

e writetop. Flag to control whether or not a Topdrawer histogram output
file is produced. Please refer to Section 6 for further details.

e writedat. Flag to control whether or not the plain histogram output

file is produced. Please refer to Section 6 for further details.

e writegnu. Flag to control whether or not a gnuplot histogram output
file is produced. Please refer to Section 6 for further details.

e writeroot. Flag to control whether or not a ROOT script for plotting
histograms is produced. Please refer to Section 6 for further details.

e writepwg. Flag to control whether a powheg-style analysis file is produced.
This option is available only for a limited number of processes.

As currently implemented it should be viewed as a development tool,

not yet fully supported for the general user.

e nproc. The process to be studied is given by choosing a process number,
according to Table 9 in Appendix B. f(pi) denotes a generic

partonic jet. Processes denoted as “LO” may only be calculated in the
Born approximation. For photon processes, “NLO+F” signifies that

the calculation may be performed both at NLO and also including the
effects of photon fragmentation and experimental isolation.



Generator MCFM: Settings Il

e part. This parameter has 5 possible values, described below:

— lord. The calculation is performed at leading order only.

—virt. Virtual (loop) contributions to the next-to-leading order result
are calculated (+counterterms to make them finite), including

also the lowest order contribution.

12

— real. In addition to the loop diagrams calculated by virt, the

full next-to-leading order results must include contributions from
diagrams involving real gluon emission (-counterterms to make
them finite). Note that only the sum of the real and the virt
contributions is physical.

— tota. For simplicity, the tota option simply runs the virt and

real real pieces in series before performing a sum to obtain the
full next-to-leading order result. In this case, the number of points
specified by ncalll and ncall2 is automatically increased when
performing the real calculation



Generator MCFM: Settings Ili

e runstring. When MCFM is run, it will write output to several files. The
label runstring will be appended to the names of these files.

e sgrts. This is the centre-of-mass energy, Vs of the colliding particles,
measured in GeV.

e ih1, ih2. The identities of the incoming hadrons may be set with these
parameters, allowing simulations for both p™p (such as the Tevatron) and
pp (such as the LHC). Setting ih1 equal to +1 corresponds to a proton,
whilst =1 corresponds to an anti-proton. Values greater than 1000d0
represent a nuclear collision, as described in Section 5.

e hmass. For processes involving the Higgs boson, this parameter should
be set equal to the putative value of MH.

e scale. This parameter may be used to adjust the value of the renormalization
scale. This is the scale at which aS is evaluated and will

typically be set to a mass scale appropriate to the process (MW, MZ,

Mt for instance). For processes involving vector bosons, setting this

scale to -1d0 chooses a scale equal to the average mass of the bosons
involved.



Generator MCFM: Settings IV

e itmx1, itmx2. The program will perform two runs of VEGAS - once

for pre-conditioning and then the final run to collect the total crosssection
and fill histograms. The number of sweeps for each run is given

by itmx1 (pre-conditioning) and itmx2 (final). The default value for

both is 10.

e ncalll, ncall2. For every sweep of VEGAS, the number of events generated
will be ncalll in the pre-conditioning stage and ncall2 in the

final run. The number of events required depends upon a number of
factors. The error estimate on a total cross-section will often be reasonable
for a fairly small number of events, whereas accurate histograms

will require a longer run.

e pdlabel. The choice of parton distribution is made by inserting the
appropriate 7-character code from Table 3 or 4 here. As mentioned

above, this also sets the value of aS(MZ).

e NGROUP, NSET. These integers choose the parton distribution functions
to be used when using the PDFLIB package.

e LHAPDF group, LHAPDF set. These choose the parton distribution
functions to be used when using the LHAPDF package — the group

is specified by a character string and the set by an integer.



Generator MCFM: Settings V (jets)

e inclusive. This logical parameter chooses whether the calculated
cross-section should be inclusive in the number of jets found at NLO.
An exclusive cross-section contains the same number of jets at nextto-
leading order as at leading order. An inclusive cross-section may

instead contain an extra jet at NLO.

e algorithm. This specifies the jet-finding algorithm that is used, and
can take the values ktal (for the Run Il kT -algorithm), ankt (for the
“anti-kT ” algorithm [6]), cone (for a midpoint cone algorithm), hqgrk
(for a simplified cone algorithm designed for heavy quark processes)
and none (to specify no jet clustering at all). The latter option is only

a sensible choice when the leading order cross-section is well-defined
without any jet definition: e.g. the single top process, g q' = t b, which
is finite as pT ("b) = 0.

* ptjet min, |etajet| min, |etajet| max. These specify the values

of pT,min, |n|min and |n|max for the jets that are found by the algorithm.
* Rcut jet. If the final state of the chosen process contains either quarks
or gluons then for each event an attempt will be made to form them
into jets. For this it is necessary to define q the jet separation R =

N2 + $2 so that after jet combination, all jet pairs are separated

by R > Rcut jet.



Generator MCFM: Settings VI (lepton, photon)

e ptlepton min, |etalepton| max. These specify the values of pT,min
and |n|max for one of the leptons produced in the process.

e etalepton veto. This should be specified as a pair of double precision
numbers that indicate a rapidity range that should be excluded for the
lepton that passes the above cuts.

e ptmin missing. Specifies the minimum missing transverse momentum
(coming from neutrinos).

e frag. This parameter is a logical variable that determines whether the
production of photons by a parton fragmentation process is included.

e ptmin photon. This specifies the value of pmin

T for the photon with the

largest transverse momentum. Note that this cut, together with all the
photon cuts specified in this section of the input file, are applied even

if makecuts is set to .false..

e etamax photon. This specifies the value of |y|max for any photons produced
in the process.

* R(photon,lept) min. Using the usual definition of BR, this requires

that all photon-lepton pairs are separated by PR > R(photon,lept) min.
This parameter must be non-zero for processes in which photon radiation
from leptons is included.



Generator MCFM: processes

nproc | fip) 4+ f(p2) — ... Order
1 “ V(= v(pa) + () NLO 56 | Z%(— e (ps) + " (pa)) + c(ps) + E(po) NLO
G (= e (pa) + () NLO 61 | WH(— v(ps) + e (pa)) + W (— e (ps) + P(ps)) NLO
11 n (= vlp) + e (p)) + f(ps) NLO 62 | W*(— v(ps) + e*(pa)) + W (— q(ps) + d(ps)) NLO
12 WH(— v(ps) + e*(pa)) + bips) NLO 63 | WH(— v(ps) + et (pa)) + W (— q(ps) + d(ps))[rad.in.dk] NLO
13 | WH (= v(ps) + et (py)) + Eps) NLO 64 | W (= e (ps) + 5(pa) )W (= qps) + G(ps)) NLO
14 Ii +(—r v(ps) + e*(py)) + &(p;)[massless) LO 65 | W= (— e (ps) + #(pa) )W {— glps) + 7(ps)) [rad.in.dk] NLO
16 (= e (ps) + F(pa)) + flps) NLO 66 | WH(— v(pg) + et (p)) + W (— e (ps) + P(ps)) + flps) LO
7 "= e (pa) + #(pa)) + b(ps) NLO 69 | W (= v(ps) + e (pa)) + W (— e (ps) + P(ps))[no pol] LO
18 (= e (pa) + P(pa)) + clps) NLO 71| WH(—= vips) + ut(py)) + Z%(— e (ps) + e (ps)) NLO
19 =(— e~ (ps3) + F(p4)) + clps)[massless] LO 2w +(—r v(ps) + p(pa)) + Z°(— 3 x (velps) + Pe(ps))) NLO
20 Il +(—r v(ps) + et () + b(ps) + b{pﬁ][ma:-.sive] NLO 73 | WH(—= v(ps) + pt(pa)) + Z°(— b(ps) + b(pe ):l NLO
21 | WH(= w(py) + e+ () + bips) + Blre) NLO 70 | W (= vlpg) + 1 (pa)) + 22— 3 X (d(ps) + (o)) NLO
2 | W (o ulps) + e+ () + F(os) + F ) NLO 75 | W+ (o ulpg) + it (pa) + 20(— 2  (ulps) + (p0))) NLO
2 | W vlps) + * () + Fps) + Flre) + F(p) LO 76 [ W=(= () + 7o) ¥ Z°(= = (35) + = (70)) NTO
20| I vl) () + )+ 6) + () LO 77 | W= (= e (ps) + B(pu)) + Z0(— 3 x (v,(ps) + Bu(pi)) NLO
25 (= e~ (p3) + F(pa)) + blps) + b{pﬁ)[maa‘.ne] NLO T8 | W (— e (ps) + #(pa)) + Z°(— b(ps) + b(ps))_ NLO
26 7~(— e=(p3) + #(pa)) + b(ps) + b(ps) NLO 79 | W= (= e~ (ps) + #(pa)) + Z%(— 3 x (d(ps) + d(ps))) NLO
27 [ W (o) + 5m)) + F(o5) + F(po) NLO 80 | 1W=( e=(p) + 7(pa)) + 2%(— 2 x (u(pa) + (1)) NLO
28 (—r e=(ps) + #(pa)) + f(ps) + f(ps) + f(p7) LO 811 Z%— p=(pa) + n™(pa)) + Z2°(— e (ps) + 7 (ps)) NLO
29 “ (= ¢ (p3) + #(pa)) + blps) + blps) + f () LO 82 | Z9%— e~ (ps) + €7 (pa)) + Z°(— 3 % (v(p5) + Z(ps))) NLO
T 2 () ) NIO| |85 | 29 o) £ (o) 4 2%~ ) + o) NLO
32 Z%(— 3 x (v(pa) + P(pa))) NLO 84 | Z%— b(pa) + b(pa)) + Z°(— 3 x (v(ps) + B(ps))) NLO
33 Z%(— b(pa) + b(pa))_ NLO 85 Z"(—> e (pg) + et (py)) + Z” — 3 % (v(ps) + P(pg))) + flpr) LO
34 Z%(— 3 x (d(ps) + d(pg))) NLO 86 | Z%—= p(ps) + p(pa)) + Z“(—r e~ (ps) + 7 (pg) ) [no gamma*) NLO
3| 29— 2 x (ulps) + 2(r))) o NLO 87 | Z9(— e (py) + € (pa)) + 2%(— 3 x (4(ps) + P(py))lno gamma*] | NLO
36 Z = t{— v(ps) + e (pd) + b(ps)) + tH(— blps) + e (pr) + #(ps)) | LO B8 | Z%— e (pg) +et(pa)) + Z”(—r b(ps) + b(pg))[no gamma*] NLO
41 Z%— e~ (ps) + et (pa)) + flps) NLO 89 | Z%— b(pa) + b(pa)) + Z°(— 3 x (v(ps) + #(ps)))[no gamma*| NLO
42 Zg{—r 3 x (v(ps) + #(pa))) + f(ps) NLO 90 | Z%— e~ (pa) + et (pa)) + Zﬂ — e~ (ps) + €T (ps)) NLO
13 zﬂ (= b(ps) + b(pa)) + F(ps) NLO 9L [ W (= vlps) + = (p)) + H(—. b(ps) + Bpe)) NLO
T (2 o)+ & () + 1)+ 7 0) N0 92 | 1+ (= vips) + e (pa)) + H(— W (w(ps),* () W=(=(pr), 7(px))) | NLO
B | (ot e+ Tt o)+ £ LO 93 | (= w(ps) + ¢ (pa)) + H(— Z(e~ (). € (o)) + Z(u=(pr)oa(py)) | NLO
46 Z%— 3 x (v(ps) + P(py)) + flps) + flpe) NLO 94 | WH(— vips) + e (pa)) + H(— v(ps) +j(pﬁ} NLO
47 | 2= 3 x (v(ps) + B(p)) + F(ps) + f(ps) + f(pr) LO 96 | W~ (— e~ (ps) + (pa)) + H(— b(ps) + b(ps)) NLO
50 Z%— e~ (p3) + e*(p4)) + b(ps) + b(pg) [massive] LO O | W(— e (pa) + #(pa)) + H(— WH{v(ps). eT(ps) )W (e (pz). 7(ps))) | NLO
51 Z%— e (ps) + e*(pa)) + b(ps) + b(ps) NLO 98 | W= e~(ps) + &(pa)) + H(— Z(e=(ps). et (ps)) + Z(~(p:). n*(ps))) | NLO
52 | Zo(— 3 x (v(ps) + #(pa))) + b(ps) + b(pe) NLO 99 | W (= e~ (ps) + 5(pa)) + H(— v(ps) + 7(ps)) NLO
53 Z%(— b(pz) + b(pa)) + b(ps) + b(pg) NLO
54 Z%— e (p3) + e*(pa)) + blps) + b(ps) + f(p:) LO




Generator MCFM: processes I

101 [ Z%(= e~ (pa) + ¥ (pa)) + H(— b(ps) + b(ps)) NLO
102 | 2°%(— 3 x (v(pa) + #(pa))) + H(— bips) + b(ps)) NLO
103 | Z°(— b(ps) + b(pa)) + H(— blps) + b(ps)) NLO
104 | Z°(— e™(pa) + e*(pa)) + H(— 7(ps) + 7(ps)) NLO
105 | Z°%(—— 3 x (v(pa) + #(pa))) + H(— v(ps) + v(ps)) NLO
106 | Z%—= e (pa) + eFipa)) + H(— WH(v(ps). e (ps) )W (e~ (pr), B(ps))) NLO
107 | Z2°(— 3 x (v(ps) + #(p4))) + H(— I*i-"*'(v(pﬁ),eﬂpﬂ)l&"‘(e‘(}:—;}, 7(ps))) NLO
108 | Z%— b(p3) + b ;31}} + H{— W (r(ps), et (ps )W (e~ (p7), #(ps))) NLO
109 | Z%(— e (ps) + e*(pa)) + H(— Z(e™(ps). €™ (po)) + Z(u (pr), 1" (ps))) NLO
111 | H(— b(ps) + b pi}} NLO
112 | H(— 7 (pa) + 7 (pa)) NLO
113 | H(— W (u(ps) + e (pg)) + W= (e~ (ps) + #(p5))) NLO
114 | H(— WH(v(ps) + et (pa)) + W{g(ps) + d(ps))) NLO
115 | H(— WH(v(ps) + e () + W (qlps) + @(ps)))[rad.in.dk] NLO
116 | H(— Z°%pu~(ps) + p™(pa)) + Z°(e™(ps) + ¥ (po)) NLO
17 | H(— Z°(3 x (v(ps) + P(pa))) + Zn{e_{pg,_:} + e (pg)) NLO
118 | H(— Z°(n~(ps) + p (pa)) + Z°(b(ps) + b(ps)) NLO
119 | H(— 7(ps) +7(pa)) NLO
120 | H(— Z%(p~(ps) + pF (pa)) + v(ps)) NLO
121 | H(— Z°3 x (v(ps) + #(p)))) + 7(ps)) NLO
126 | H(— W (v(ps) + et (pa)) + W (e (ps) + &(ps)))[top. bottom loops, exact] | LO
127 | H(— WH(v(ps) + et (py)) + W (e~ (ps) + F(pg)))[ + interf. with gg — WW] | LO
131 | H(— b(ps) + b(pa)) + blps) (+9(ps)) NLO
132 | H(— blps) + B(pa)) + B(p) (+b(po) (REAL)
133 | H(— b(ps) + b(pa)) + b{ps) + bi{ps)[both observed] (REAL)
141 | t(— v(pa) + et (py) + b(ps)) + H—b (ps) + e~ (p:) + 2(ps)) NLO
142 | t{— v(ps) + e (pa) + b(ps)) + {[—) b (ps) + e (pr) + B(ps)) [rad.in.dk] NLO
143 | t(— v(ps) + E’+(p4) +b(ps)) + #H(— b (ps) + € (pr) + #(ps)) + f(po) LO
144 | t(— w(ps) + €*(pa) + b(ps)) + F(— b (po) + =(pr) + 5(pa) (wncorr) NLO
145 | t{— v(ps) + T (py) + b(ps)) + {[—> b (ps) + e~ (p:) + P(ps)) [rad.indk]uncorr | NLO
146 | t(— v(ps) + €7 (pa) + b(ps)) + H(— b (ps) + a(pr) + @(ps)) NLO
T | t(— v(ps) + €*(pa) + blps)) + H(— b (ps) + q(pr) + G(ps)) [rad.in.top.dk] NLO
148 | t(= v(ps) + €T (py) + bips)) + H— b (ps) + q(ps) + d(ps)) [rad.in W .dk] NLO
149 | t(— q(p3) + G(pa) + b(ps)) + t(—r b (ps) + e (pr) + P(ps)) NLO
150 | t{— q(ps) + q(pa) + b{ps)) + H— b (ps) + e~ (p7) + B(ps)) [rad.in.top.dk] NLO
151 | t(— q(pa) + §(pa) + blps)) + H— b (ps) + e~ (pr) + #(ps)) [rad.in. W .dk] NLO

157 | t[for total Xsect] NLO
158 | bb[for total Xsect] NLO
159 | c&ffor total Xsect] NLO
160 | tf + glfor total Xsect] LO

161 | #(— wvips) + ¥ (pa) + b(ps)) + a(ps)[t-channel] NLO
162 | #(— vips) + e*(pa) + b(ps)) + q(pe)[decay] NLO
163 | H(— wips) + e"'[pi} + b(ps)) + a(pg)[t-channellmb > 0 NLO
166 | {(— e~ (pa) + #(pa) + b(ps)) + q(pe)[t-channel] NLO
167 | (= e (p3) + F(pa) + b(p-,}} + g(pg)rad.in.dk] NLO
168 | #(— e (pa) + #(pa) + b(ps)) + q(ps)[t-channel]lmb > 0 NLO
171 | #(— v(p3) + €* (pa) + b(ps)) + b(ps)) [s-channel] NLO
172 | #(— v(p3) + €*(pa) + b(ps)) + b(ps)) [decay] NLO
176 | #(— e~ (ps) + #(pa) + b(ps)) + b(ps))[s-channel] NLO
177 | #{— e~ (ps) + F(pa) + b(ps)) + b(ps))[rad.in.dk] NLO
180 | W=(— e~ (pa) + P(py)) + t{ps) NLO
181 | W (— e (pa) + Plpa)) + t(y (ps) + et (ps) + b(pr)) NLO
182 | W (— e~ (ps) + P(pa)) + t{v(ps) + €* pﬂ} + b(p7))[rad.in.dk] | NLO
183 | W {— e~ (p3) + &(py)) + t{r(ps) + €T (ps) + b(pz)) + b(ps) LO

184 | W (— e (pa) + Bipa)) + 1 ;33:} + b(pg)[massive b LO

185 | WH{— v(ps) + et (pa)) + {(ps) NLO
186 | WH(— vips) + et i(pa)) + t(f’ (ps) + #(ps) + B(pr) NLO
187 | WH(— v(ps) + et (p)) + e~ (ps) + #(pg) + b(p;)[rad.in.dk] | NLO




Generator MCFM: processes lll

201 | H(— bipa) + b(pa)) + fips)[full mt dep.] LO 270 | H(v(ps) + 7(pa)) + f(ps) + f(ps)[in heavy top limit] NLO
202 | H(— 7= (p3) + 7% (p4)) + f(ps)[full mt dep] LO 271 | H(b(ps) + b(py)) + f(ps) + f(pg)[in heavy top limit] NLO
203 | H(— b{pa) + b(pa)) + flps) NLO 272 | H(v (pa) + 7 (pa)) + f(ps) + f(ps)[in heavy top limit] NLO
204 | H(—= 7 (ps) + 7% (pa)) + f(ps) NLO 273 | H(— W (v(ps). e (pa))W (e~ (ps). 2(ps))) + flpz) + flps) NLO
206 | A(— blps) + B(pa)) + £ (ps){full mt dep)] LO 274 | H(~ Z(e~(ps), * (p) Z (™ (p3), 1+ () + F(pr) + £ (ps) NLO
207 | Al— 7= (pa) + 7F(py)) + f(pg}[full mt dep.] LO 275 | H(b(ps) + b(p4)) + f(ps) + flps) + f(p7)in heavy top limit] LO

208 | H(— WH{v(ps), e (pa) )W (e (ps), #(ps))) + fp7) NLO 276 | H(m~ (ps) + 77 (pa)) + f(ps) + flps) + fip7)[in heavy top limit] LO

209 | 11 2+ (o e N ZGi o v ) + o NLO | [ 278 | H{= W* (ulps). * (o)W (e (ps). 7(p))) + f(pr) + F(ps) + f(po) | LO

210 | H(— ~(pa) + v(pa)) + f(ps) NLO 279 | H(— Z(e~(pa). €™ (pa)) Z (e~ (p5). 1 ¥ (ps))) + f(pr) + fps) + f(pg) | LO

211 | H(— b(ps) + b(p1)) + (ws) + f (ps) [WBE] NLO 280 [ 1(p3) + f(m1) NLO+F
212 | H(— 77 (p3) + 77 (pa)) + f(ps) + f(pe)[WBF] NLO 282 | f(p) + fp2) = v(pa) + f(pa) + f(ps) LO

213 | H(— W*(w(ps). * (p))W—(e=(p5). 7(p6))) + F(pr) + £(ps) WEF] NLO | [ 283 | Flpa) + £(p2) — 2ps) + b(s) LO

214 | H(— Z(e"(pa). €™ (pa)) + Z(.ﬂ (ws), 1™ (ps))) + f(pr) + f(ps)[WBF] NLO 284 | f(p1) + f(p2) = v(p3) + c(pa) LO

215 | H(— ’T(P'i} +7(pa)) + f(ps) + f(ps)[WBF] NLO 285 | f(p1) + fp2) = 7(ps) + 7(pa) NLO+F
216 | H(— b(ps) + b(pa)) + f(ps) + f(pe) + f(p7)[WBF +jet] LO 286 (131} + f(pa) = v(p3) +1(pa) + f(ps) LO

217 | H(— 7 (p3) + 7% (pa)) + flps) + flps) + flpz)[WBF+jet] LO 200 = v(ps) + e (pa)) + vips) NLO+F
221 | 7=(— e~ (pa) + Po(ps) + 42 (ps)) + 75 (— P (pg) + ve(pr) + e¥(ps)) LO 292 | WH(— v(ps) + e*(pa)) + v(ps) + flpe) LO

231 | t(ps) + b(pa) + g(ps) [t-channel] NLO 295 Il (= e~ (pa) + #(pa)) + vips) NLO+F
232 | t(pa) + b(pa) + 9(ps) + q(pe) [t-channel] LO 297 | W= (— e~ (pa) + B(pa)) + v(ps) + flps) LO

233 | t(— v(pa) + ¥ (ps) + b(ps)) + b(pe) + gl pr-} [t-channel] NLO 300 | Z%(— e (ps) + ¥ (pa)) +1(ps) NLO+F
234 | t(— v(ps) + € (pa) + b(ps)) + b(ps) + g(pr) [t-channel, rad.in.dk] NLO 301 | 2% — e (pa) + e+( 0a)) + v(ps) + v(ps) NLO +F
235 | t(— v(ps) + €* (ps) + b(ps)) + bps) + a(pr) + f(ps) [t-channel] LO 302 | Z%(— e (ps) + €*(pa)) +v(ps) + f(ps) NLO +F
236 | f(pa) + b(pa) + a(ps) [t-channel] NLO 303 | Z%— e~ (pg) + et (pa)) + ¥(ps) + v(ps) + flpr) LO

237 | #(pa) + b(pa) + a(ps) + q(ps) [t-channe]] LO 304 | Z%— e (p3) + et (pa)) + vips) + flps) + flpr) LO

238 | {{(— e (p3) + Plpa) + b{pa)) + bips) + g(p7) [t-channel] NLO 305 | Z% = 3(v(ps) + #(pa))) + 1(ps) NLO + F
239 | H{— e (ps) + Plpy) + b{p;i)) + bips) + g(p;) [t-channel, rad.in.dk] NLO 306 | Z%(— 3(r(ps) + #(pa))) + 7(ps) + 7(ps) NLO + F
240 f(—- e~ (ps) + 7(ps) + b(ps)) + b(ps) + a(p7) + f(ps) [t-channel] L0 307 | Z°%(= 3(v(ps) + #(pa))) + 7(ps) + f(ps} NLO +F
251 | W= v(pa) + €™ (pa)) + W (= v(ps) + €7 (pg)) + flp7) + f(ps) LO 308 | Z%(— 3(v(ps) + #(pa))) +(ps) + v(ps) + f(pr) LO

252 | W (= v(pa) + €™ (pa)) + W (= v(ps) + € (ps)) + f(pr) + f(ps) + f(ps) | LO 309 | Z°%(— 3(v(ps) + #(pa))) +(ps) + f(ps) + £(pr) LO

253 | W= v(pa) + €7 (pa)) + Z(== > € (ps) + e (ps)) + f(pr) + f(ps) LO 311 f(p1) + b(p2) = W*(— v(ps) + ¢* (pa)) + b(ps) + f(po) LO

254 | W (== > e (pa) + #(pa)) + Z(—= = e (ps) + e (ps)) + f(p7) + f(ps) | LO 316 | fip1) + b(p2) — W (— e~ (p3) + #(pa)) + b(ps) + f(ps) LO

265 | WH(==>v(ps) + e*(ps)) + Z(—— > e~ (ps) + €*(ps)) + blp7) + f(ps) | LO 321 | f(p1) + f‘(ﬁ?} — W (= v(ps) + e*(pa)) + f‘(ﬁ )+ f(ps) LO

256 | Wo(===¢e"(ps) + P(pa)) + Z(—— = e~ (ps) + e () + b(pr) + f (ps) | LO 326 | f(p1) +e(pe) = W (— e~ (pa) + F(pa)) + clps) + f(ps) LO

250 | WH(==>v(ps) + e (pa)) + Z(== > e (ps) + ¥ (ps)) + b(pz) + b (ps) | LO 331 | WH(— v(ps) + ™ (pa)) + cps) + f(ps)[c-s interaction] LO

260 Ii (== e (pa} + 7(pa)) + Z(—== > e (ps) + " (po)) + bpr) + b (ps) | LO 336 | W™ (— e”(pa) + #(pa)) + c(ps) + f(pg)[c-s interaction] LO

261 | Z°(— e (p3) + € (pa)) + b(ps) NLO L f(pr) +b(p2) — Z°(— e (pa) + €7 (pa)) + b(ps) + flpo)[+£(pr)] NLO
262 | Z°(— e~ (ps) + €™ (pa)) + c(ps) NLO 342 | f(p1) + b(p2) = Z°(— e (ps) + ¥ (pa)) + b(ps) + f(pe)[+0(p7)] (REAL)
263 Z”(—b e~ (pa) + et (pg)) + b(ps) + b(pg)[1 b-tag] LO 36 | f(p1) +b(p2) — Z°(— e~ (pa) + € (pa)) + b(ps) + f(pe) + f(p7) LO

264 | Z°(— e (pa) + et (pa)) + E(ps) + c(ps)[1 c-tag] LO 347 | f(p1) + b(p2) = Z°(— e (ps) + e* (pa)) + b(ps) + f(ps) + b(pr) LO

266 | Z%(— e (pa) + e (pa)) + b{ps %-b(ps)) NLO

267 | Z%(— e (pa) + et (pa)) + c(ps)(+8(ps)) NLO




Generator MCFM:

processes IV

351
352
356
357

Fl) +clpa) = Z°(—= e (ps) + €™ (pa
flp1) + e(p:) — Z"(—o e (p) + et (m
f(}’h% +elpe) = Z°(— e (ps) + e (pa

)+ clps) + f(ps)
) +elps) + f(ps)
%+c(a=,}+f( %

361
362
363

c(p1) + 5(p2) — WH{— v(pa) + et (pa))[me=0 in NLO]
e(p1) + 5(pa) — WH(— v(ps) + e (pa))[massless corrections only]
e(py) + s(pg} — WH(— v(ps) + e+ (pa))massive charm in real]

)
)
Flp) +elp2) = Z%(— e~ (ps) + P+(3M})
Pa)
)

401
402
403
406
407
408

l

W+ P3) + €t (pa)) + (b+B)(ps) [1 or 2 jets, 4FNS]

WH(— vips) + €™ (pa)) + b(ps) + b(ps) [2 or 3 jets, AFNS]
W=(— e~ p—;} + #(pa)) + b(ps) [1.2 or 3 jets, AFNS]|
) +
)

l

W= (= e~ (pa) + P(py (b+5)(ps) [1 or 2 jets, 4FNS]

)
i
WH(— v(ps) + €T (py)) + b(ps) [1.2 or 3 jets, AFNS]|
(
(
E
W=(— e~ (pa) + #(py)) + b(ps) + E(pﬁ) [2 or :IJPts 4FNS]

540 | H(b(ps) + b(pa)) + t(ps) + q(ps)
541 | H(b(ps) + b(pa)) + (ps) + a(ps)
544 | H(b(ps) + b(pa)) + t(v(ps) + ¥ (ps) + b(pr)) + a(pa)
547 | H(b(ps) + b(ps)) + F(e™ (ps) + P(ps) + b(pz)) + q(ps)
550 | H(7(ps) + 7(pa)) + t(ps) + a(ps)
551 | H(v(ps) + 7(pa)) + E(ps) + a(ps)
554 | H(7(ps) + 7(pa)) + t(v(ps) + € (pg) + b(ps)) + a(ps)
557 | H(v(ps) + v(pa)) + Ee=(ps) + 5(p) + b(p;)) + q(pa)

411
416

Flp1) +b(p2) = WH(— v(ps) + e (pa)) + blps) + flps) [BFNS|
) + b( ) = W=(— e~ (pa) + P(pa)) + blps) + flps) [SFNS]

421
426

)+ et (pa)) + b(ps) [1.2 or 3_]91:‘. 4FN§+1FN‘}]

560
561
562
563
564
566
567
569

Z(e — (pa) + e + (pa)) + t(ps) + alps)
Z(e — (p3) + e + (pa)) + Eps) + alps)
Z(e = (pa) + e+ (pa)) + tps) + alps) + f(pr)
Z(e = (pa) + e + (pa)) + t{(ps) + qlpe) + f(p7)
Z(e = (pa) + e+ (pa)) + t(== > v(ps) + " (ps) + b(pr)) + alps)
Z(e = (pa) + e + (pa)) + t{== > v(ps) + €*(ps) + blpr)) + a(ps) + f(pa)
Z(e = (pa) + ¢+ (pa)) + EH{(—— > e~ (ps) + P(ps) + b(pr)) + a(ps)
Z(e = (pa) + e + (pa)) + (== > e (ps) + P{ps) + b(pr)) + qlps) + f(ps)

431
436

— e~ p—;) + #(pa)) + B(ps) [1.2 or 3 jets, dFNS+5FNS]
)+
)+

500
501
502
503
506

¥

)
p3) + et (pa ; 5) + b(ps) + f(p7) [massive]
1 )

b(
0
— e~ p—;) + #(pa b(ps) + b(ps) + f(pr) [massive]
— vips) + et (py)) + t(ps) + t(pg)[massive]
% s)) + W (v(pe). p* (pro
)

—u-v(p-;)+é’ E +b(ps)) + 1(— b (ps) + e (p7) + 0(p

)
— v(ps) + et Jrad.in.dk]

P1) )
1) + b(ps)) +H(— b (ps) + € (p7) + 7(ps)) + W* (v(po), * (pro
= v(pg) + € (pa) + b(ps)) + = b (ps) + alpz) + ¢ (psH + WH(v(pa), it (pro)

— q(ps) + q (pa) + blps)) + f'(—' b (ps) + e (pr) + #(ps)) + WH(v(ps), ot (pro)

et et

510
511
512
513
516
529
530
531
532
533

= v(ps) + et (pag) + b(ps)) + (= b (ps) + e~ (pz) + P(ps)) + W (1~ (pg). #(pro

t(p:
) )
— v(pg) + et (pa) + b(ps)% 4 f' — b (ps) + e~ (pr) + 7(p )rad.in.dk]

) )
£ 5)) + W (1 (po), #(p1o)
— v(ps) + e (pa) + bl(ps)) + H{— b (ps) + a(pz) + q (ps)) + W (g~ (pa). P(p10))

— q(pa) + q (pa) + b(ps)) + i(—o b (ps) + e (pr) + B(ps)) + W (™ (pa). P(p1a))
Z%(— e~ (ps) + e (pa)) + t(p5) + i Pﬁ)

t(— v(ps) + e (pa) + b(ps)) + H(— e~ 3? )+ P(ps) + b (ps)) + Z(e™ (pa). €™ (p10))
t(— v(ps) + e (pa) + b(ps)) + H{(— e~ (pr) + 7(ps) + b (ps)) + Z(b(ps), b (pro))
t(— v(ps) + et (pg) + b(p;)) + H{— G‘(P? +qlps) +b (pg)) + Z(e~(pg). € (p10))
t(— a(pa) + q(pa) + b(ps)) + f(—' e (pr) + 7(ps) +b (po)) + Z(e” (pa). e* (pro))

1
t(
t(
t(
t(
I; (= e~ (pa) + B(p4)) + t(ps) + t{pg)[massive]
t(
t(
t(

640
641
Gd4
647
G651
654
657
G61
G6G4
GGT

t(ps) + t(pa) + Hips)

t(— v(ps) + e (pa) + b(ps)) + E(— B(pr) + € (ps) + b(ps)) + H(b(ps) + b(pro))
t(— v(ps) + e*(pa) + b(ps)) + E(— 3(p7) + alps) + b(ps)) + H(b(pg) + b(p1o))
t(— q(ps) + @l(pa) + b(ps)) + f(_—' 7(p7) + € (ps) + b(po)) + H(b(po) + b(p1w))
t(— v(ps) + " (pa) + blps)) + E(— 2(p7) + e~ (ps) + b(ps)) + H(7(ps) +7(P10))
t(— v(ps) + e*(pa) + blps)) + H(— @lp7) + 9(ps) + b(pe)) + H(v(po) +7(pr0))
t(— q(ps) + (pa) + bips)) + f(—’ 7(p7) + e~ (ps) + b(pe)) + H(~v(po) +7(p10))
t(— v(ps) + €* (pa) + b(ps)) + F(— 2(p) + €™ (ps) + b(ps)) + H(W (po. pro) W~
t(— v(pa) + e (pa) + b(ps)) + F(— G(pr) + q(ps) + bps)) + H(W (py, pro)W = (
t(— a(ps) + @(pa) + b(ps)) + = (#(pr) + € (ps) + blps)) + H(W* (po. pro) W

131151312)
Pll.ﬁlz)
[1?1151312}

800
801
802
803
804
805

V = (x(pa) + ¥(p1)) + flps) [Vector Mediator]

A= (x(ps) + ¥(pa)) + f(ps) [Axial Vector Mediator]

S = (x(pa) + X(pa)) + f(ps) [Scalar Mediator]

PS5 — (x(pa) + ¥(pa)) + f(ps) [Pseudo Scalar Mediator]
GG — (x(pa) + ¥(pa)) + f(ps) [Gluonic DM operator]

S — —(x(ps) + ¥(ps)) + f(ps) [Scalar Mediator, mt loops]

820
821
822
823

V = (x(pa) + {(pa)) + 7(ps) [Vector Mediator]

A = (x(ps) + X(pa)) + v(ps)[Axial Vector Mediator]

S = (x(pa) + X(pa)) + v(ps)[Scalar Mediator]

PS — (x(pa) + ¥(pa)) + v(ps)[Psendo Scalar Mediator]

840
841
842
843
844

V= (x(}?z) + %(pa)) + F(ps) + f(ps) [Vector Mediator]

A= (x(ps) + X(pa)) + fps) + f(ps) [Axial Vector Mediator]
5— X{Pz) + () + fps) + fpg) [Scalar Mediator]

PS — (y(ps3) + ¥(pa)) + f(ps)7T f(ps) [Psendo Scalar Mediator]
GG — (x(ps) + ¥(pa)) + f(ps) + f(ps) [Gluonic DM operator]

845
846
847
848

V — (x(pa) + X(pa)) + 7(ps) + f(ps) [Vector Mediator]

A= (x(ps) + X(pa)) + v(ps) + f(ps) [Axaal Vector Mediator]

S = (x(ps) + X(pa)) +7(ps) + f(ps) [Scalar Mediator]

PS — (x(pa) + ¥(pa)) + v(ps) + f(ps) [Psendo Scalar Mediator]
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Check of Volume of 2 particle phase space




Generator MCFM: Exercise

Process 300:

pp->Zy->eey

Obtain:

o-?

o(PDF= cteg6 |, mstw8nl)-?
o(photonptmin=20GeV,30GeV,40GeV,50GeV,60GeV)-?




LHAPDF package

Package gives a simple possibility to use additional (modern) PDF-sets (parton
distribution functions) by generators.
Site: https://Ihapdf.hepforge.org/

Use version 5 for installation! 6-th needs more packages to be installed: the
Boost C++ utility library (http://www.boost.org) and the yaml-cpp
(http://code.google.com/p/yaml-cpp/) parser.

Installation:

tar -xvzf lhapdf-v.r.p.tar.gz

cd lhapdf-v.r.p

.Jconfigure --prefix=/path/to/directory
make

make install

However, folder in prefix should not be the same as folder where program
has been unpacked (lhapdf-v.r.p )

(~5 minutes)


https://lhapdf.hepforge.org/
http://www.boost.org/

Generator Herwig/Herwig++



Multipurpose generator Herwig

Hadron Emission Reactions With Interfering Gluons

Herwig++ is a general-purpose event generator for the simulation of high-energy
lepton-lepton, lepton-hadron and hadron-hadron collisions with special emphasis
on the accurate simulation of QCD radiation.

History of this generator starts from full-functional Fortran version.

Fortran Herwig is still under support (last released version is 6.521 —March 2013),
however it is not being developed (only bug fixes etc).

From site: “Version 6.5 has always been foreseen as the final Fortran version of
HERWIG. The recent sub-version releases are tidying up the last few loose ends.”
http://www.hep.phy.cam.ac.uk/theory/webber/Herwig/

For serious event generation, HERWIG has been replaced by Herwig++, version 2.4
of which is already available, providing a complete simulation of most types of
collider events. This new program is on C++ and it has all features and advanages of
old HERWIG.

Currently version 2.7.0 is available on site:

https://herwig.hepforge.org/

Let’s start from Herwig++!


http://www.hep.phy.cam.ac.uk/theory/webber/Herwig/
https://herwig.hepforge.org/

Generator Herwig++

Herwig++ already includes several features more advanced than the last
FORTRAN version. Herwig++ provides a full simulation of high energy
collisions with the following special features:

e |nitial- and final-state QCD jet evolution taking account of soft gluon
interference via angular ordering;

e A detailed treatment of the suppression of QCD radiation from massive
particles, the deadcone effect;

e The simulation of BSM physics including correlations between the
production and decay of the BSM particles together with the ability to add
new models by simply encoding the Feynman rules;

e An eikonal model for multiple partonic scatterings to describe the
underlying event;

e A cluster model of the hadronization of jets based on non-perturbative
gluon splitting;

¢ A sophisticated model of hadron and tau decays using matrix elements to
give the momenta of the decay products for many modes and including a
detailed treatment of off-shell effects and spin correlations.



Generator Herwig++: installation

Herwig++ installation includes installation Herwig++ itself and special tool
ThePEG (Toolkit for High Energy Physics Event Generation). Herwig++ is based
on this tool.

All additional packages can be installed before ThePEG and Herwig configuration.
If you need install them afterwards — you should re-configure ThePEG and
Herwig++.

Installation:
ThePEG
Download ThePEG, then

tar xjvf ThePEG-*.tar.bz2
cd ThePEG*

Jconfigure --prefix=/path/where/Ti
make

make check

make install

(~20 minutes)



Generator Herwig++: installation Il

Herwig++
Download Herwig++, then

tar xjvf Herwig++-*.tar.bz2
cd Herwig++*

Jconfigure --prefix=/path/where/Herwig++/should/be/installed --with-
thepeg=/path/where/ThePEG/is/installed

make

make check
make install

(¥1h20m)




Generator Herwig++: first run

Create a temporary directory to try out Herwig++, and copy all files ending
in .in from the Herwig installation:

mkdir herwigtest

cd herwigtest

cp SHERWIGPATH/share/Herwig++/*.in ./

Run the following command to set up a generator file. This command will be
explained further on.

Herwig++ read LEP.in

This should have generated a file LEP.run. It contains a full example setup of a LEP
event generator. To run it, try

Herwig++ run LEP.run -N50 -d1

The flag -N specifies the number of events to generate. The flag -d1 enables a more
detailed output in LEP.log.

After the run, there should be two new files: LEP.out, which contains an overall
cross section, and LEP.log, containing the detailed record of the requested 50
events. The log format is described in detail in EventRecordFormat.

Re-running the above command will give the same 50 events again unless the seed
of the random number generator is changed by specifying the flag -seed NNNNN.
If you want to modify generator parameters, you'll need to modify LEP.in and
regenerate LEP.run.



https://herwig.hepforge.org/trac/wiki/EventRecordFormat

Generator Herwig++: Matrix elements

In Herwig++ the library of matrix elements for QCD and electroweak processes is
relatively small, certainly with respect to the large range of processes available in its
FORTRAN predecessor. Indeed, the library of Standard Model processes is largely
intended to provide a core of important processes with which to test the program.

For e+e- colliders only four hard processes are included:

e Quark-antiquark production, via interfering photon and Z0 bosons, is implemented in
the MEee2gZ2qq class. No approximation is made regarding the masses of the
particles. This process is essential for us to validate the program using QCD analyses of
LEP data.

e Dilepton pair production, via interfering photon and Z0 bosons, is implemented in
the MEee2gZ2ll class. No approximation is made regarding the masses of the
particles4. This

process is used to check the implementation of spin correlations in T decays.

e The Bjorken process, ZOhO production, which is implemented in the MEee2ZH class.
This process is included as it is very similar to the production of ZOhO and WxhO in
hadronhadron collisions and uses the same base class for most of the calculation.

e The vector-boson fusion (VBF) processes, e+e— - e+e-h0 and e+e- - ve veh0, are
implemented in the MEee2HiggsVBF class.



Generator Herwig++: Matrix elements I

A much wider range of matrix elements is included in the standalone code for the
simulation of events in hadron colliders:

e Difermion production via s-channel electroweak gauge bosons. The matrix elements for the
production of fermion-antifermion pairs through W+ bosons, or interfering photons and Z0
bosons, are implemented in the MEqg2W2ff and MEqq2gZ2ff classes respectively. Only s-channel
electroweak gauge boson diagrams are included for the hadronic modes.

e The production of a Z0 or W boson in association with a hard jet is simulated using

the MEPP2ZJet or MEPP2WIet class respectively. The decay products of the bosons are

included in the 2 & 3 matrix element and the option of including the photon for Z0

production is supported.

e The 2 - 2 QCD scattering processes are implemented in the MEQCD2to2 class. Currently all the
particles are treated as massless in these processes.

e The matrix element for the production of a heavy quark-antiquark pair (top or bottom quark
pairs), is coded in the MEPP2QQ class. No approximations are made regarding the masses of the
outgoing q q pair.

e The MEPP2GammaGamma class implements the matrix element for the production of prompt
photon pairs. In addition to the tree-level g"q = yy process the loop-mediated gg - yy process is
included.

e Direct photon production in association with a jet is simulated using the MEPP2Gammalet class.
As with the QCD 2 - 2 process all of the particles are treated as massless in these processes.

e The production of an s-channel Higgs boson via both gg - h0 and g g = hO is simulated using
the MEPP2Higgs class.

Etc...

Also some NLO ME are available.



Generator Herwig++: Exercise

Use LHC.in, MEPP2QQ matrix element and generate top-antitop pairs.
pp->tz“

o-?

o(PDF=MRST,CTEQ6L)-?

Make root output and plot B(top,antitop)



