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From Goals to Means
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CERN-LHC "New Boson" discovery
PP -> H+X -> yy +X
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LHC
Events
@75 TeV

ATLAS

EXFERIMENT
Event: 143576946
2011-09-14 12:37:11 CEST

hitp:/ fatles.ch
Run: 189280
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CERN Accelerator Complex
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ATLAS Experiment © 2012 CERN

Animation: CERN LHC Complex:
from the proton source to the
production of an event in the

Atlas Detectors
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Geanta| The Large Hadron Collider Experi

CMS+TOTE

LHCb

S HeAL
11

ECAL
by

Albert De Roeck (CERN) 2
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Computing needed at all stages

* Accelerator Design, monitoring, operation and
optimization

/Data acquisition (150 million sensors) O\
Detector design, acceptance/efficiency,
Event reconstruction
Event selection and classification
Event analysis

\_Theory interpretation -
L —

Monte- Carlo Physics Simulation
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Monte-Carlo Event
Simulation

a major component of
Particle Physics
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Simulation and Data Analysis Chain

Process (e.g. PP->H+X->yy+X)

Event simulation

Detector Simulations (GEANT4) Experiments

Event Reconstruction

F=m————————-

Comparison
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Frontier Computation
« Complexity

« Worldwide collaborations
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Complexity

Signal event is obscured by
~ 20 overlapping uninteresting collisions in same crossing

One event One crossing (every 25 ns)
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LCG Data Grid

World Wide Collaboration = distributed computing & storage capacity
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Data Grid F. Furano, CERN-IT
Architecture =

Open Science Grid

Tier-0 {CERN): {15%)

» Data recording

] = nitial data reconstruction
Tier-1 Centres

e e * Data distribution
g
>

Tier-2 Centres
(= 100)

Tier-1 {11 centres): (40%)

*Permanent storage

*Re-processing

cAnalysis

*Connected by direct 10 Gb

3 fibres

CCINzPs 4 1.
s SO Tier-2 (>200 centres): {45%)

MRS eatnctey . e Simulation

* End-user analysis

40%

wWLCGG

™ Worldwidz LHC Corigting Grid




F. Furano, CERN-

Grid Usage
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_IT -

Monte-Carlo
Event simulation
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First link in the simulation chain: Event generation

Hadronization

Parton shower
jets

Hard sub-process

Proton Proton

Multiple in‘rerac"rion/underlying event

CCP 2012, Osaka Oct 14-18 20




From Physics models to Simulation

Physics process probability (Matrix Element)

/N

Event generators Data Analysis by the
Matrix Element Method

Denis Perret-Gallix
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From Symmetries to event generation

W

Physics Model

Symbolic computation
- Reduce, Form, Maple, Mathematica, ..

[Model Pa‘ramoters//

[ Mass Spectrum

Ab Initio Automa\c
matrix element
generation

ISR, Beamstrahlung
Structure Functions

} \ - LanHEP, FeynRules

—

Feynman Rules ] Couplings
|
i Automation
3 Grace, CompHEP, CalcHEP, FeynCalc,

~

Amegic++, Sherpa, Madgraph, Whizard,
Alpgen, Powheg, ...,

NLO: MC@NLO, MCFM, Blackhat+Sherpa
Golem, Gosam, ...

Parton Distribution Functions
LHApdf: CTEQ, MRST, ..

ISR, Beamstrahlung

CIRCE,..

Numerical Multi-dimensional

A generator of
event generators

CCP 2012, Osaka Oct 14-18

Iintegration
-> Cross-sections

] Integration
Vegas, Bases, Dice,Vamp, Parint,

Event generation

(Parton level)

arton Shower
Hadronization

B

Final event

Pythia, Herwig
(Particle Level)
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Feynman diagrams in
Pertubative theory

E-
e+ e+ er

Loops and Legs
QED example e-

e+

\ D% Leading Order
e- LO,1% order or tree level
- e e-
\
e+ e \‘\’
r&i‘: ,\%43; ,},_QLM Next Leading Order
e+ ~ > . a NLO
E_ -‘H\‘;"lllll
28
E_
e- ’:’\5_// Next Next Leading Order
‘P _ NNLO 23



Perturbative QCD
requires higher orders calculations

« LO is not precise enough due to scale uncertainties
— Renormalization (UV) a,(1) and soft/collinear (IR) cone size

e NLO is the lowest order calculation that can lead to realistic evaluation
(normalization and event shape): necessary for LHC
— Decreases the scales arbitrariness

* Parton shower algorithm must also be NLO
* Many Many-legs diagrams must be calculated for new particle search

e.g. 2> 5at NLO

g

g 9
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The Les Houches Wish List (2010)

2010

process wanted at NLO

background to

1. pp
2. pp
3. pp
4. pp

- PP
6. pp

(3)]

7. pp

8. pp

9. pp

—_—

—_—

V¥ < jet
H + 2 jets
ttbb

tt + 2 jets
VVbb

VV + 2jets

V 4 3 jets

VVV

bbbb

ttH, new physics
Dittmaier, Kallweit, Uwer; Campbell, Ellis, Zanderighi

H in VBF

Campbell, Ellis, Zanderighi; Ciccolini, Denner Dittmaier

ttH Bredenstein, Denner Dittmaier, Pozzorini:
Bevilacqua, Czakon, Papadopoulos, Pittau, Worek

ttH Bevilacqua, Czakon, Papadopoulos, Worek
VBF — H — V'V, ttH, new physics
VBF - H—- VYV

VBF: Bozzi, Jager, Oleari, Zeppenfeld
new physics

Berger, Bern, Dixon, Febres Cordero, Forde, Gleisberg, Ita,
Kosower, Maitre; Ellis, Melnikov, Zanderighi

SUSY trilepton

Lazopoulos, Melnikov, Petriello; Hankele, Zeppenfeld;
Binoth, Ossola, Papadopoulos, Pittau

Higgs, new physics GOLEM

Feynman
diagram
methods

now joined
by

Melia, Melnikov, Rontsch, Zanderighi unitarity

based
methods

2005 list basically done. Amusingly W,Z + 4 jets was not

on this list.
CCP 2012, Osaka Oct 14-18
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Example of loop difficulty

Consider a tensor integral:

/ di=2¢¢ £ v 4P 0>
(27m)4=¢ 02 (0 — ky)2 (£ — ky — k2)? (€ + ka)?

Note: this is trivial on modern computer. Non-trivial for
larger numbers of external particles.

Evaluate this integral via Passarino-Veltman
reduction. Resultis ...

2vi BERN, UCLA
CCP 2012, Osaka Oct 14-18 Denis Perret-Gallix IN2P3-CNRS (France) vi BERN, UCLA, 2011



Result of performing the integration

Calculations explode for larger numbers of particles

or loops. Clearly, there should be a better way' -

CCP 2012, Osaka Oct 14-18 Denis Perret-Gallix IN2P3-CNRS (France) 27



On-shell Methods ‘

Key idea: Rewrite quantum field theory so only gauge invariant
on-shell quantities appear in intermediate steps.

. / on-shell physical

Unitarity method

Bern, Dixon, Dunbar and Kosower
(BDDK)

Loops amplitudes
constructed from
tree amplitudes

Ge.n erflllzed : i : Rules for assembling
:?ﬁﬁ?{ ?302; ) .' Q, | ( n-point amplitudes

| , from tree ampltiudes
ZB, Dixon and Kosower (1998)

K : !q K. many new advances
)ﬂ . Bern, Dixon and Kosower
Use of complex / Britto, Cachazo and Feng,

tree l Ossola, Papadopoulos, Pittau;

momenta amplitude " l # Ciisle, Mehiakew: Kutisat

Britto, Cachazo and Feng, Forde :Badger 2vi BERN. UCLA. 2011
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NLO Revolution

New ldeas

- W 2006
m 2011
Loaps Better Tools
3
NNLO
NLO m)
: q
LO g
0 Z
g

g =
2 3 4 5 6 7 8 Legs
N. Glover Durham Univ. UK, ACAT’2011
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Multi-dimensional integration

Vegas, Bases, Dice, Vamp, Parint

« Large number of dimensions
- @LO: Nd: 3Nlegs -5
— More at higher orders

« Singularities and kinematics
— Intensive and High Precision floating-point (quad or more)
— Specific manual variable transforms (sometime necessary)
* Monte-Carlo technique: CPU time consuming
— Adaptive grid segmentation (

Importance sampling (region of largest integrant)

Stratified sampling (region of the largest variance)
— Multi-channel sampling (sum of well behaved functions) (Vamp)
— Parallel quasi-Monte Carlo techniques and extrapolation (Parint)

— Parallelism (many-core, GPU, ...)

Poster 7: E. De Doncker (Western Michigan Univ.USA),
Shared memory iterated numerical integration for Feynman loop integrals

See:
Poster 166: F. Yuasa (KEK, Japan):

Acceleration of Feynman loop integrals in HEP on many core GPUs.
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New Use of Matrix Elements

- IIT -

Event Analysis
Matrix Element Likelihood Method



Template Methods

e.g. Higgs mass in yy

1. Select events based on cuts defined by MC studies
Build histograms on estimator (i.e. yy mass)

3. Compare histograms with MC simulation for different values of
the Higgs mass

4. Likelihood on histogram fit

. tf m{* templates, = 2 tags events (AJES = 0.0)
. 30.18 - M_ = 160
Easy to implement, but £ s
« Full event info not used i el
oo
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Matrix Element Methods

e.g. Higgs mass in yy

1. Select events based on cuts defined by MC studies
2. Use matrix element to weight events for each similar process
(signal and backgrounds)

3. Build and maximize likelihood of mass hypothesis

More involved and CPU intensive, but

« Full event kinematics information is used

« Improvement of statistical uncertainty

« Separation between theory and experimental inputs

« Complementary to template methods (different statistical significance)

K. Kondo 90 (top mass)

For Precision measurement and ,?A?]aazgm
search for new phenomena ATLAS, CMS Mela

CCP 2012, Osaka Oct 14-18 Denis Perret-Gallix IN2P3-CNRS (France) 33



Matrix Element Method in a nutshell

e.g. Top mass evaluation
For each event:

1

3y a0, AP 1A W) £40) frar) i

(o

P (x [m

Measured kinematics Top mass hypothesis

{‘Aa‘rr‘ix element for tf production and decay into y partonic s’ra’re]

Transfer Function between x and y state
with detector resolution and hadronization.

For each event, all possible processes (matrix elements):

fszg sig + fbkglpbkgl-l_ .t fbkgnPbkgn

For the selected event sample: minimize the negative likelihood

Lim,)=-Inll P, (x,m,)

evt
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Top mass measurement

> L I * ¢ v v T 1 r T ™4 T %
: [D@,26fb" (@) | E
= |m,=176.01+1.28GeV]| =
£ 1t i 2 1
= x
-
. 0.5
0 0

170 175
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180
m, GeV

Denis Perret-Gallix IN2P3-CNRS (France)

05,2677 B)
[ K,ps=1.014+0.008

JES
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i, iy LTS Matrix Element Likelihood Analysis:

uses kinematic inputs for
signal to background discrimination
fm_,m_,0,,0_,06%,0,0}

Phig (M1, ma, 01, 02, @, 6%, <1>1|m4e)] !
P.

MELA = |1 +

o (M1, ma, 01,02, @, 0%, ®1|myy)

S
(R/IELA[O,I] 0: background
CMS Praliminar y 2012 V8=7 TaV, L=5.05 o, ys=6 TaV, L=5.26Io" 1: Sigrl':lmsapvl-lmmrrm'? V=7 TeV, La5.05 1" Y88 TeV, La5.26 b CMS Preliminary 2012 Va=7 ToV. L=5.05 I V5=8 TaV. L=S.26 1"
@015"1"|"'|"'|' RLA Risd AR AL Ko 3‘0_2.-'.-[-.-.-|]—.—.”T'”'”'[,-,'-'|--_ §0-1:"‘1"'I"'1"’"'I"I"'I"']"'I"'
S0%%  SMH(125GeV) | 50.09¢ E
£20.08f 77 e 20.08F ~
ED.O?% aq | §0_07;_ E
T 0.067 T 0.06/7
Z
§0.05/ 3 AP §0.05
:0.04/ C0.04
0.03 0.03
0.02 :
0.01 %
H:

oo1 %

0-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
cos 6,
52

o

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
cos 0"

<
Q
=
<
o
o]
@
<
.|
. |
o]
6]
2
O
4]
s
b
8
5
D
T
=
(]
[&]
&
-.3'
L
o
[}
@D
%)
&
2
I
@
£
.
=]
3
fE
%]
2
b~
oy
-
S
oy
=
=
= |
3

CCP 2012, Osaka Oct 14-18 Denis Perret-Gallix IN2P3-CNRS (France) 36



July 4 2012 The Status of the Higgs Search J. Incandela for the CMS COLLABORATION

Results: MELA 2D Rlots

IZC2NIR IAIC\wY SN hinre
Pe rform 2D ﬁt 1 CMS Preliminary2012 Vs=7 TeV, L=|5.{I35Ifbl'1: \1§=§ TeV, IL=I5.Izslfbl-‘
5 | | = 2e2mu R
= MELA g 0.9 wse F
discriminant 08 *4mu |
- <

versus m,, 07 —=
0.6 - 3
* Data points shown s 3
with per—even.t | A e 3
mass uncertainties 55 —e— E
—— e
0.2 —
0.1 =
R |, | 7%

900 110 120 130 140 150 160 170 180

m,, [GeV]

| Data w.r.t 126 GeV Higgs Expectation |
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CMS

July 47 2012 The Status of the Higgs Search J. Incandela for the CMS COLLABORATION

= Enrich the signal content

Lo

* Cut: MELA > 0.5

W mass regio

AlLIDD

CMS Preliminary Ys=7TeV,L=505f";{s=8TeV,L=5.26fb"
8 _i LI | LI ] LI I L I LI | UL LI | UL I_
e D

E - MELA>0.5 2l -
; C.ut value cho.srrzn suchthat 2 7E W z+x e
signal probability > ~ C o 7 ]
background probability = 6 - E
L pSerumy GnTTvLissn ! fee s T e T SaEN
g - « Data - ':
o 7* Bl z+x C _E
£ o Ozr.zz 4:_ n
3 5_ []m,=126 Gev : 3: i
2 | .
1:— a qu ) ® ® - ' I E
P, - i |-":
0 110 120 130 140 150 160 170 180 0 - L 1

my [GeV] 110 120 130 140 150 160 170 180
m,, [GeV]
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Cross disciplinary Issues

¢ Symbolic manipulation packages (mathematica, maple, reduce,...)

— Form
« Expression size: only limited by disk space and cpu time
 Parallel form

* Numerical multi-dimensional integration packages
— Large integrands
— Singularities
 Parallel computation (symbolic, automation, integration, ..)
— Efficient use of many-core (long term trend of the industry)
— Portable enough for other architectures (GPU, ...)
« Floating point high precision
— Quad, Octuple precision, ... sometime reduces le nb of iteration
« Automation and gluing different packages (perl, python, java, ...)
* Large computing world-wide infrastructures (Data grid, Clouds,..)

e Data Analysis toolkits (root) and statistical methods: NN,
multivariate analysis, ...

ACAT 2013, 15'h Int. Workshop on Advanced Computing and Analysis
Techniques for Research Beijing (May 16-21, 2013) http://acat2013.ihep.ac.cn/
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Conclusions I
Physics simulations

« Monte-Carlo event simulations: mandatory for
Experimental Design and Data Analysis in HEP

» Automatic calculation of physics processes is how
the rule

— NLO calculations are needed for LHC(QCD)
studies.

— NLO revolution open widely the field of possible
new heeded calculations.

— But computing time and memory size become an
ISsue

40



Conclusions IT
Automatic Matrix elements or amplitude calculations

« Event generators

— Process automatic calculations

« Many Physics Models, many processes, many diagrams,
higher orders

— Matrix element automatic construction:
 tree level done but needs kinematics tuning for efficiency
 1-loop processes in (big) progress

— Many event generators available

* Data Analysis for precision and new physics

— Matrix Element Method
* Full use of event information, best error estimate
» complementary to the template method
* but cpu time consuming

1IN Lnierndaiionar vworksnop: on

vancearcompuuingranaranarysis.recniques: in pnysics

May 16-21, 2013, Beijing,China @
http://acat2013.ihep.ac.cn.
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