_ Parton showers for LHC physics

& documentation of big simulation codes

Valencia, IFIC, Nov 2013

Juan Joseé Lopez Villarejo (CEA-Saclay)
o 2 g W y =

. " é. o ° '—..3 ® ‘
- 2z ®
o] ‘ Lo 9 A.... ® we
i T4

@ -

VINCIA collaboration: P. Skands, W. Giele, D. Kosower,
A. Larkoski, J. Lopez-Villarejo; A. Gehrmann-de-Ridder, M. Ritzmann; E. Laenen, L. Hartgring



http://indico.ific.uv.es/indico/contributionDisplay.py?contribId=40&sessionId=5&confId=433
http://indico.ific.uv.es/indico/contributionDisplay.py?contribId=40&sessionId=5&confId=433
http://indico.ific.uv.es/indico/contributionDisplay.py?contribId=40&sessionId=5&confId=433
http://indico.ific.uv.es/indico/contributionDisplay.py?contribId=40&sessionId=5&confId=433

Observables: Cross-sections

LHC detector

Cosmic-Ray detector
p Neutrino detector
X-ray telescope

source

— Integrate differential cross sections over
specific phase-space regions

do

Predicted number of counts Neount (AQ) o / d()

= integral over solid angle




Observables: Cross-sections

LHC detector

Cosmic-Ray detector
p Neutrino detector
X-ray telescope

source

— Integrate differential cross sections over
specific phase-space regions

. d
Predicted number of counts Neount (AQ) o / dO——

= integral over solid angle AQ  dS2

In particle physics:
Integrate over all quantum histories




THEORY

L = P (Dp)ibh— mqwqqu——FQ e

— colour-octet gauge bosons: gluons
+ (in SM): colour-triplet fermions: quarks
Free parameters = quark masses and value of s



Divide and conquer

Factorization — Split the problem into pieces

+ Quantum mechanics — Probabilities: ;Z—g ~ Pevent

Pevent & 7)hafral/pQC'D 5y 7)soft/Had




Divide and conquer

Factorization — Split the problem into pieces

+ Quantum mechanics — Probabilities: ;Z—g ~ Pevent
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Parton shower

pQCD




pQCD with parton showers

Resummation Hard process (Born)
+ Shower
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Fundamentals
Oof parton showers




Parton shower evolution (*FSR)

(*)FSR: Final State Radiation. /

Perturbative Evolution
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Factorization + Universality

Bremsstrahlung

For any basic process dO'X = V (calculated process by process )
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Factorization + Universality

Bremsstrahlung sij = (i -p)?

For any basic process dO'X = V (calculated process by process)
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Factorization + Universality

Bremsstrahlung sij = (i -p)?

For any basic process dO'X = V (calculated process by process)

ds;
dgx+1 ~/ N02g§ oil

dSl'
de'X v
i1 S1j

ds;o dso:
2 12 27
dox 2 ~ Nc2g; dox41 v

S$i2 525

ds;3 dss;
2 13 37
dO'X_|_3 ~ NCQQS dO'X_1_2

i3 S35




Factorization + Universality

Bremsstrahlung 517 = (i -p)?

For any basic process dO'X = V (calculated process by process)

dSZl

dax+1 ~/ N02g8
Sil

dSzg dSQ

dO’X_|_2 ~ Nngs

dox 3 ~ NCQQS

This gives an approximation to infinite-order

tree-level cross sections (here “double-log approximation: DLA”)
(Running coupling and a few more subleading singular terms can also be included =& MLLA, NLL, ...)




Factorization + Universality

The Virtual
corrections

(2) (2) N,
XE X4l are missing

XD X41M X420 X430

Universality (scaling)

—_—
Jet-within-a-jet-within-a-jet-...

X+10-X420-X 430

Legs




Factorization + Universality
Let's squeeze it to get more juice...

dsi1
dox i1 ~ N02g§

dSlj
dO‘X
Si1  S1j




Factorization + Universality
Let's squeeze it to get more juice...

dUX+1 ~ P(Q)dO’X
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dpbranch ™ P(Q)Pno—brancth




Factorization + Universality
Let's squeeze it to get more juice...

dox 1 ~ P(Q)dox

\

dpbra,nch ™~ P(Q)Pno—brancth
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Let's squeeze it to get more juice...

dUX+1 ~ P(Q)dO’X
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dpno—branch — _dpbranch ~ _P(Q)Pno—brancth




Factorization + Universality
Let's squeeze it to get more juice...

dUX+1 ~ P(Q)dO’X

\

dpbra,nch ™~ P(Q)Pno—brancth
* Pno—branch + Pb’ranch — 1]

dpno—branch — _dpbranch ~ _P(Q)Pno—brancth
— [ P(Q")dQ’

= > Pno—bfranch — € all orders in &




Factorization + Universality
Let's squeeze it to get more juice...

deranch ™ P(Q)Pno—brancth
* Pno—branch + Pbranch =1

dpno—bra’nch — —dpbra’nch ~ _P(Q)PRO—brancth
—JPQVQ —oina

-5 7)no—b’ra,nch — €

Exponentiation




Analogy: Radioactive decay

Radioactive decay

_y — Evolves in resolution Q ~ virtuality,
— Evolves in time, t
energy, ...
— evolution equation with kernel: <«——» 7~ evolution equation with kernel; Txi1
P(t)=A, decay constant P(Q)=

which depends on evolution variable dox

— Markov: probability to decay is — Markov: probability to branch is

independent of process independent of process,
only depends on Q (a priori).

— Probability not to evolve (no-decay) €———> — Probability not to evolve (no-branch)
is exponential, exp{-At} is exponential, exp{- [ P(Q’)dQ’}




Unitarity

(*)Unitarity: Conservation of probability.

KLN Theorem Imposed by Event evolution:

Relates Loops and Real emission. When (X) branches to (X+1):

Cancels IR divergences at each order Gain one (X+1). Lose one (X).

X(Z) X+1(2)

XM X1 X420 X430

Born X+1© X420 X430

Legs




Bootstrapped pQCD

(*) Bootstrapping: refers to a self-sustaining process that proceeds without external help

Resumnmmakion

Born

+ Shower
X(2) —x1(2)

F\\\j\\\\\
X0 X1 DX 20 X430
\T\T\T TExponen’ria’rion
X+1(O')—>X-|- 2(0')_’X+3(O')—> Universality (scaling)

Jet-within-a-jet-within-a-jet-...

Legs




Modern
Parton Showers




Parton shower evolution (*FSR)

(*)FSR: Final State Radiation. /

Perturbative Evolution
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Parton shower evolution (*FSR)

(*)FSR: Final State Radiation.
) /
e 1




PYTHIA




VINCIA

What is it?

Plug-in to PYTHIA 8 http://vincia.hepforge.org

What does it do?

“(Multiplicatively) Matched Markov antenna showers”

Antenna: VINCIA uses antennae, instead of Altarelli-Paresi splitting kernels.
Markov: markovian condition for the shower; no memory of the path.
Multiplicative matching to exact Matrix Elements.

Extensive (and automated) uncertainty estimates

Systematic variations of shower functions, evolution variables, Ur , etc.

The VINCIA Code

— A vector of output weights for each event (central value = unity = unweighted)

Who is doing it?
Giele, Kosower, Skands (GKS), initiators

+ Collaborations with
A. Larkoski, ). Lopez-Villarejo (sector showers, helicity-dependence),

A. Gehrmann-de-Ridder; M. Ritzmann (mass effects, initial-state radiation),

E. Laenen, L. Hartgring (one-loop corrections)

VINCIA Collaboration



http://projects.hepforge.org/vincia/
http://projects.hepforge.org/vincia/

VINCIA

Whatiis it?
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A. Gehrmann-de-Ridder; M. Ritzmann (mass effects, initial-state radiation),

E. Laenen, L. Hartgring (one-loop corrections)

VINCIA Collaboration



http://projects.hepforge.org/vincia/
http://projects.hepforge.org/vincia/

Matching

Multiplicative Markov

N canio & rowe I ‘on-the-fly’ correction

X 2
> S—~ >

LO for [t emission “Matching Scale”
LL for 2" emission and beyond = hierarchies not matched

Subtraction & Slicing

combine different samples
for the same event

The VINCIA Code

VINCIA Collaboration
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Matching

N MC@NLO & POWHEG N MLM & CKKW

X 2
> S—~ >

LO for [t emission “Matching Scale”
LL for 2" emission and beyond = hierarchies not matched

Subtraction & Slicing

combine different samples
for the same event

VINCIA Collaboration

Multiplicative Markov
‘on-the-fly’ correction

Cutting Edge:
Embedding virtual amplitudes
= Next Perturbative Order
— Precision Monte Carlos

The VINCIA Code

Note: other teams working on alternative strategies
with similar goals




Efficient Matching with Sector Showers
J. Lopez-Villarejo & PS :JHEP Il 11 (2011) 150

(Why we believe Multiplicative Markov is the method of choice for complex problems)

Initialization Time Time to Generate 1000 Z—qq showers
(seconds) (seconds)

1000

Markovian (VINCIA)
Constant of order milliseconds

4 5
Matched Number of Legs Matched Number of Legs

Z—qq (q=udscb) + shower. Matched and unweighted. Hadronization off
gfortran/g++ with gcc v.4.4 -O2 on single 3.06 GHz processor with 4GB memory

Generator Versions: Pythia 6.425 (Perugia 201 | tune), Pythia 8.150, Sherpa 1.3.0, Vincia 1.026 (without uncertainty bands, NLL/NLC=OFF)

VINCIA Collaboration
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Quantifying Precision

Total Jet Broadening (udsc)

- L3
—— Vincia

Total Jet Broadening (udsc)

- L3
—— Vincia

1/N dN/dB_
T ||||||I|
1/N dN/dB.
o
T ||||||I|

—h
T T IIIIII|

—h
Q
T IIIII|

VinciaMatching:order = 0 : VinciaMatching:order = 3

Vincia 1.025 + Pythia 8.150 Vincia 1.025 + MadGraph 4.426 + Pythia 8.150
Data from Phys.Rept. 399 (2004) 71 i Data from Phys.Rept. 399 (2004) 71

—_i
Q
N

Rel.Unc
Rel.Unc.

Theory/Data
Theory/Data

Note:VINCIA so far only developed for final-state radiation (fragmentation)
Initial State under development

VINCIA Collaboration




Future prospects

® |SR, NLO-multileg matching, subleading log shower... Big challenges!
® Extend the team! (computer scientists, theoretical physicists)

® Make a free, opensource and transparent code.

= |mprove documentation for developers.

VINCIA Collaboration



Documenting

DIg simulation codes

(for developers




MOTIVATION

Big simulation codes involve collaborations of several authors

* in distant locations,
*  with different expertise levels.

New powerful physics features to be added — «pure» physicists.
Issues with speed and capacity of computers — «pure» programmers.

Approaching the standards of coding in professional (for-profit) sectors:
blueprints first!.

What does the code do at a single glance? — transparency




IDENTIFIED STRATEGIES

® |ncrease modularity (C++ object oriented). Only one (a

few) ‘small’ object(s) have to be modified / upgraded
each time.

® |mprove documentation for authors: an intermediary

stage between the physics idea (paper) and the actual
realization (code)




IDENTIFIED STRATEGIES

® |ncrease modularity (C++ object oriented). Only one (a
few) ‘small’ object(s) have to be modified / upgraded
each time.

—

documentation for authors: an intermediary-
~ stage between the physics idea (paper) and the actual
~realization (code)




DOCUMENTATION

PHYSICS | CODING

(theoretical physicist) i  (other person!
. professional?)

author’s ideas

~

documéntation
UML diagrams

— UML diagrames...



UML DIAGRAMS

The Unified Modeling Language (UML) offers a

standard way to visualize a system's architectural
blueprints

Diagram

T
- |

| Structure Behaviour
Diagram Diagram
A ' 8
1 | [ [ |

Class Componenf Object Activity Use Case
Diagram Diagram Diagram Diagram Diagram

Profile Composite| | Deploymen Package Interactionl State
Diagram S[;lrgé:rtgrrﬁ Diagram Diagram Diagram qu%cg%nni UNIFIED

| : | MODELING
[ o LANGUAGE

Seguence | Communication |8t$é?§i28‘n Timing
SOntion: Lk Diagram Diagram Diagram Diagram




UML DIAGRAMS

The Unified Modeling Language (UML) offers a

standard way to visualize a system's architectural
blueprints

———

—

Diagram

T
| |

Structure | Behaviour
Diagram Diagram

Class Component: Object Activity Use Case
Diagram Diagram Diagram Diagram Diagram

Profile Composite| | Deploymen Package Interactionl State
Diagram %{;‘é}gﬁ Diagram Diagram Diagram B’li‘-’acg%nnﬁ UNIFIED

1 | MODELING
[ | , l
Seguence || Communication IBterac,tion Timing LANGUAGE ™
Diagram Diagram D¥§6¥é%\;l Diagram




STRUCTURE DIAGRAMS

how objects relate to each other Object Oriented,
— synthetic ?
/I? |m; amu )

MTime I

* Doxygen is a free software |
generating automatically akObject | UpdateTime

structure diagrams from a C++ | \ o
| *  ScalarRangeComp
COd c. | A ComputeTim

vtkDataOhject vtkCellData vtkPointData
* Diagram labels can be modified & A

and extended through "“("’T‘ CelData  # PointData 7
\ - )

comments written directly in N emptyList I

\ boundaryCells vtkDataSet
the code. O cels —

7

- dataSet

”

vtkiKdTree::_cellList

Doxygen: http://www.doxygen.org/



http://moritz.sourceforge.net
http://moritz.sourceforge.net

BEHAVIOR DIAGRAMS

procedural,
Object Based C++,

¢ analytic?

W
../ Define Vocabulary >

"'\ Terms

workflow: what is the sequence of
actions in the code

Developing free software

W

WhiCh Wi” generate (Defineﬁ'elationshins AN

and Congrairts )

automatically workflow
diagrams from annotated o primary use? s Hiumen suhors?

[ text-oriented |

C++ COde' [ data-orierted ] [Yes]

v

V\EDI Integration? Analyze Human
-~ Factors of Vocabulary

User can browse among (ves)

/

related activities and zoom in/ /" Demme EO

\_ Mapping

Assess Fresentation )

out (more or less detail). Requremens

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo
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WORKFLOW GENERATOR

® A Python script controls sequential reading of sources,
calls to other elements and writing of the output.

® Clang (clang.llvm.org) is used to get the semantics of the
source code.

® PlantUML (plantuml.sourceforge.net) is used to draw the
workflow diagrams.

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo
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WORKFLOW GENERATOR'’S WORKFLOW

Python script Clang PlantUML

w
Gead sourcea\
get information on the
P [SESES anotated functions/methods
— e

process relevant
functions/methods' bodies

sequentially (line by line)

é [semantics of C++ feeded]

[ro] Getri eve informatiorD

X

WV

@rite text fil%\

\

& N
\‘( draw diagrams
4
.
L)

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo
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FLOWGEN: SOURCE INPUT

bool VinciaShower::acceptTrial(Event& event) { int iTrial =
winnerPtr->getTriallndex();

int iIAntPhys = winnerPtr->getPhysIndex(iTrial);

bool isSwapped = winnerPtr->getlsSwapped(iTrial);

double gNew = winnerPtr->getTrialScale(iTrial),;
double mAnt = winnerPtr->m();
double sAnt = winnerPtr->s();

//$ Mark this trial as "used"”, will need to generate a new one.
winnerPtr->renewTrial(iTrial),

//%$1 Count up total number of trials

++nTrialsSum;
//*************************************************

//%$ Generate zeta variable, then work out y12, y23

//*************************************************

double y12, y23;
bool pass = winnerPtr->genTriallnvariants(y12, y23, iTrial);

/1S
//$1 [trial invariants are not in the good region of P.S.]

if (! pass) { //$

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo



https://sourceforge.net/projects/flowgen/
https://sourceforge.net/projects/flowgen/

FLOWGEN: DIAGRAM OUTPUT
?

(Mark this trial as "used”, will need to generate a new one.)

(Count up total number of trials)

¥

Generate zeta variable, then work out y12, y23

Srnchdementd* winnefr -> bocl Bnchdenmentd gen Tndinvwriatudoubled y12, doublel y23, int iTnad = -1)

[trial invariants are not in the good region of P.S.)

Sranchdementd* winne?r -> bool Bunchdememtd gen Indinvwnntudoublel yi2, doublel y23, intiTn

(true else)

(Count up local and global failure rate due to hull)

Y

Y

Compute spin-summed trial antenna sum for these variables

Srnchdememtd* winnefr -> int inchdementd nTnadGenestond) conat

_____________________________ | C—— R

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo
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FLOWGEN: DIAGRAM OUTPUT
¢

(Mark this trial as "used”, will need to generate a new one.)

(Count up total number of trials)

¥

4 N\
® What does the code do at a single glance? — transparency

p <

[trial invariants are not in the good region of P.S.)

Brnchdementd* winnefr -> bocl Bunchdementd gen Tndinvwmntudoublel v12, doublel y23, intiTnad = -1)

[true elsel

(Count up local and global failure rate due to hull)

—

Y

Compute spin-summed trial antenna sum for these variables

Srnchdememtd* winnefr -> int inchdementd nTnadGenestond) conat

N . ——— R :

FlowGen: soon at https://sourceforge.net/projects/flowgen/ ].J. Lopez-Villarejo
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USER DOCUMENTATION

* In VINCIA, keep separate, for the moment.

* A subset of the author’s documentation? future
possibility.




CONCLUSIONS AND
OUTLOOK

* We are in the era of precision Monte Carlo parton
showers. NLO multileg matching is under development.

= VINCIA proposes a multiplicative matching approach.

* Big simulation codes will eventually tend towards
standardisation and transparency.

= Procedural programming may require new
documentation tools




CONCLUSIONS AND
OUTLOOK

* We are in the era of precision Monte Carlo parton
showers. NLO multileg matching is under development.

= VINCIA proposes a multiplicative matching approach.

* Big simulation codes will eventually tend towards
standardisation and transparency.

= Procedural programming may require new
documentation tools

INTERESTED IN THIS PROJECT? THANKS!






Polarization
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Including helicity information
(massless)

New spin-dependent antenna functions.

Advantages:

- Treat processes with spin information (observational
signatures)
- Speed gain for matching:

|Mp],p2,p3,p4‘2 = |M+,+,+,+‘2 -+ ‘M+,+,+,_‘2 -+ ‘M+,+,-,_‘2 + ‘M+,-,-,_|2 + ...

Helicity structures are independent at the level of probabilities
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Polarization (speed)

- Speed gain for matching:

Initialization Time (seconds) Time to generate 1000 showers
10000 (seconds)

© SHERPA 1.40

3 VINCIA 1.029 ¥ Global Sector O SHERPA
1000 1000 Old Global Old Sector

Hadronization
Time (LEP)

2 3 4 5 | 4 5 6

Z—n :Number of Matched Legs Z—n :Number of Matched Legs

VINCIA Collaboration



Polarization (speed)

- Speed gain for matching:

Initialization Time (seconds) Time to generate 1000 showers
10000 (seconds)

© SHERPA 1.40
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1000 1000 Old Global Old Sector

Hadronization
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Helicity structures are independent at the level of probabilities

VINCIA Collaboration



1/N dN/d(1-T)

Rel.Unc.

Theory/Data
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LEP event shapes

1-Thrust (udsc)
ST
f* Vinciai
—— Pythia 8

—

Vincia 1.025 + MadGraph 4.426 + Pythia 8:\45
Data from Phys.Rept. 399 (2004) 71 :

: i
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PYTHIA 8 already doing a very good job
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g
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C Parameter (udsc)
L3
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—— Pythia 8

Vincia 1.025 + MadGraph 4.426 + Pythia 8.145
Data from Phys.Rept. 399 (2004) 71
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(udsc)

1/N dN/dD

Rel.Unc.
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VINCIA adds uncertainty bands + can look at more exclusive observables?




Multijet resolution scales
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yas = scale at which 5% jet becomes resolved ~ “scale of 5% jet”




- - = Sensitive to
R polarization effects
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Interesting to look at more exclusive observables, but which ones!?



Approximations

Q: How well do showers do?
Exp: Compare to data. Difficult to interpret; all-orders cocktail including
hadronization, tuning, uncertainties, etc
Th: Compare products of splitting functions to full tree-level matrix elements

Plot distribution of Logio(PS/ME)

(second order) (third order) (fourth order)
F Z— 4 | F Z— 5 | Z— 6
[ Vincia 1.025 + MadGraph 4.426 [ Vincia 1.025 + MadGraph 4.426 Vincia 1.025 + MadGraph 4.426
- Matched to Z— 3 : - Matched to Z—3 Matched to Z—3
Strong Ordering - Strong Ordering Strong Ordering

—

pace

—
Q

0p]
()
()
©
e
o
Y—
(@)
C
e
—
o
©
—
L

—
Q

—
Q
[95]

-4 [} [} [} [} ]
10 L 3

o : 0. 0 05
Iogm(PS/ME)

0 0.5
Iogm(PS/ME)

@‘ ' Dead Zone: 1-2% of phase space have no strongly ordered paths leading there®

“fine from strict LL point of view: those points correspond to “unordered” non-log-enhanced configurations

VINCIA Collaboration




Generate Branchings without imposing strong ordering

At each step, each dipole allowed to fill its entire phase space

Overcounting removed by matching .
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— Better Approximations

Distribution of Logi10(PSLo/MELo) (inverse ~ matching coefficient)
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+ Matching (+ full colour)
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