Monte Carlo Generators for Higgs Physics

Guillelmo Gomez-Ceballos
(MIT)
with

Fabio Maltoni, Fabian Stoekli,

Roberto Chierici




Outline

Monte Carlo generators

LHC case

Event generators

Higgs production processes
Higgs decays & branching ratios
Final remarks

Conclusions



Monte Carlo event generators and HEP

Software tools for simulating real data.
Mandatory tools for high energy physicists. One must be able to:

1. Plan experiments and detectors
» how should I design my detector on a given collider to be able to see, at 95% CL, a
signal of new physics in the channel X with expected cross section Y, with a total
integrated luminosity L? What are the backgrounds one should worry about?

2. Making a measurement
» motivate, validate and tune analyses strategies and cuts
» extract the expected backgrounds
» model the expected backgrounds (and subtract them to data, eventually)
» know the expected signal efficiencies

3. Making a discovery
* is what I see predicted by simulation?
« am | seeing a physics effect, or a detector effect?
« is it something expected? Should I claim something?
* is it a bug? A bad Monte Carlo tuning instead?...

In all this, one must take care of using those tools which are the best suited (modern,
accurate and flexible) for the particular physics (signal and backgrounds) under study



The path towards discoveries

1. Rediscover the known SM
2. ldentify excess(es) over SM

3. ldentify the nature of BSM:
from coarse information to measurements of
mass spectrum, guantum numbers, couplings



A lesson from the top at the Tevatron

Before the Tevatron the only unknown was the top mass
* though production mechanism was known q

1. First mass reconstruction gave a signal consistent
with a top production with a mass around 175 GeV/c2

» total QCD cross-section and differential mass distribution
* handful of events!

2. Presence of “something” confirmed also in other distributions with more statistics

« signal compatible with a top pair production, not explicable otherwise

» consistent picture came out with more data and the possibility of more quantities like its BRs, charge,
polarization, and many differential distributions

3. Top studies were established, and Monte Carlos played a role in all steps

« the more sophisticated the study, the more requirement to the Monte Carlo predictions
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The principle of event generation

General problem in HEP: given a collision process ab—X, simulate X.
More specifically, make a program able to throw out “events” distributed according to
do, ., /d®(n), with ® phase space in n dimensions.

* an “event” is to be considered as a set of four-momenta representing the final particles of X

/o, *do, ./d®(n)can be seen as an n-dimensional probability density function for
X, according to which we want to make our “event generator”

Simple example for illustrating how to proceed: 1D case (P==x):

1. throw “events” with “weights”
» weighted event generation

2. throw, make it an “event” only with frequency and give to it a unitary weight
* event unweighting

« events happen with same frequency as in data
» efficiency 1s non 1



Monte Carlos

The first step is therefore the determination of G, o = QL / M |2 1d (n)
S

Writing the Matrix Elements M from all contributing Feynman diagrams can be very complex
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An analogous example at the LHC will turn out to be much more complex
* Need to account for all possible initial states (the proton is a composite object)
* QCD in production complicates a lot with respect to lepton colliders



From partons to hadrons

Perturbative calculations can be performed up to a limited number of particles in the final state
* Factorial growth of Feynman diagrams

 Can be brought to exponential with tricks Bf
10
Numerical integrations can become awkward very il 35
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BUT: in a hadronic machine an event with few hard partons can give origin to events with
several hundreds of particles in the final state.

We need to describe/model the mechanisms going from partons to long-lived hadrons to build a
usable event generator.



The LHC case



Cross-sections at the LHC

proton - (anti)proton cross sections

LHC physics = QCD + € v

» Huge statistics @14 TeV: ) o,

P P T P

i
-]
b

» total of Zs collected at LEP will be produced in ~weeks ' fevatron  LHC
» for Ws it will be ~hours 10°
» need ~minutes to produce as many tops as produced 10° - ]
> i |
at the Tevatron o o, 3
- ]
* There may be more than 10 orders of magnitude 1
between signal (i.e. H) and backgrounds (i.e. QCD) .} o« 520 :
> the “corners” of the phase space is typically what we 3 \\‘A !
are interested in N > PR Y
_1 \‘\ L é
TTTYYY B o > 100 GeV) 3
process | Events@ | Events@ % -
14TeV/s | 14TeV/y / %
bb 106 1012 A ™ 0 ] o .%
x C Ty, o (E.® > Vs/4) 4
7 1 ‘% ¢ je* =T
Z -ee N3 10 gz:;@nw(‘ Lt (M =126GeV) \ / g
W -ev ~30 108 : N 200 GeV / }‘,f_-?:f | 1
0 o ;_J".
WW-evX | 102 | 6x103  s00Gev N
TOON, i [ 5 i L —
7 A SN m 0.1 1 (
tt ~2 10 _— e Vs (TeV)
H(700 GeV) | 2% 103 100 |

cm' s

10*

events / sec for ;



From partons to hadrons

How to transform a parton level event (a few particles) in a full event (order of several hundreds
particles) at the LHC?
The full process is sub-divided into pieces, each of which can be treated independently and
modelled accordingly:

« This is an approximation, we need to model what we are unable to calculate

» Models, as such, have parameters that we need to adjust to data (tunings)

What are the parts needed, for a p-p collision?
0. Knowledge of the contents of the proton (PDFs)
1. Hard scattering (Perturbative calculations)
2. Radiation (QCD, QED) off the initial or final partons (Parton Shower, ISR and FSR)
3. Description of the underlying event (UE)
4. Fragmentation into hadrons (Hadronisation)
5. Decay of unstable particles

How to get the whole picture right, in terms of average values and fluctuations?
» Make random choices on an event by event basis, as in Nature

How will the final rate/cross-section change?

X P X Pdecay

¢ 0-FINAL:O-HARDX PHARD—>FINAL; PHARD—>FINAL:PISR X PFSR X PUE hadronisation



PDFs

PDF PS5 UE fladron Decay
Hadrons are composite, with time-dependent structure:
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Any cross-section determination must sum over all possible
initial states of the proton

The proton density functions are fitted by using
heterogeneous collider data

How? For an s-channel process (W, Z, W/ZW/Z, tt)
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PDFs

UK Hadron Decay
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Parton Showers
PDE PS UE EHadron Decay
Accelerated charged particles radiate in QED, and accelerated coloured particles radiate in QCD
(in QCD also gluons radiate)

* Emitted gluons radiate in their turn, and so on — “parton shower”

The main problem of treating QCD/QED radiation is that the real emission rates g—qg/e—ey
formally diverge when collinear (opening angle 8, ,—0) or soft (E,—0). For QCD also g—gg is
similarly divergent.

* The divergence is formal, and appears because you touch the very essence of the definition of
what a parton is.

two collinear partons = 1 parton
two partons one of which with zero energy = 1 parton

Need to bound your emission phase space to consider only resolvable emissions. Indeed:
» One can not treat real emissions alone without the introduction of proper phase space cut-offs

« Unresolvable real emission always need to be combined with virtual corrections, bringing in
divergencies that exactly cancel those from the real part, making the result finite

4_{ Resolvable emission Finite

>(6®b)> T — Virtual + Unresolvable emission Finite




The underlying event

PDF PS5 UE fHadron Decay

This is defined as whatever else is in a p-p collision with the exception of the hardest process

UE = Multiple parton-parton Beam remnants, with

. . + .
interactions (MPI) colour connections
_ ud
p u "|
b _
b)
P u-
ud-

They happen “after” the hard interaction
— need to rescale the PDFs in order to extract other
partons in a correct way

initiators:  Need to assign:

u
g intohard e correlated flavours
S

P interaction e correlated =; = p.;/p-tot

. . T correlated primordial & | ;
— primary partons are colour connected to beam > peam * g -
. . u e correlated colours
remnants, this can have consequences in the remnants
d e correlated showers

hadronization phase

0) Squeezerange O <z < 1linto0O < x <1 —3 =; (ISR 7 # icyrrent)

1) Valence quarks: scale down by number already kicked out

2) Introduce companion quark q/q to each kicked-out sea quark q/q,
with = based on assumed g — qq splitting

3) Gluon and other sea: rescale for total momentum conservation



Hadronization

PDF PS5 UE Hadrom Decay

After the showering, at a factorization scale Q, the event is left with a multitude of partons

(quarks, gluons, but also leptons and photons)

— The coloured partons need further evolution down to colourless hadrons

In QED field lines go to infinity, ys do not
interact with each other

=

* Two coloured partons are confined linearly, and os
they cannot freely propagate.

* Over time, two phenomenological models of the
hadronization mechanism have survived: the
cluster model (implemented in HERWIG) and the a5
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Hadronization: the cluster model

PDF PS5 UE Hadrom Decay

Perturbative evolution of quarks and gluons organizes them

into clumps of colour-singlet clusters
* sort of “pre-confinement” with local colour flows
* gluon = colour-anticolour pair

D.lﬂ T T TTITIT T ||||||I| T ||||||I| T TTTTTT
Q=168.3 GaV :
Q=349.0 GeV - P
0.08 Q=4845.4 GeT | ¥
3 e

0.08 Clusters decay isotropically to two hadrons according to

phase space weights (depending on momentum)
 with a forced g—qq branching
* tail to very large mass clusters, need iterative
cedure to split big clusters further
* baryon and strangeness production is automatically
suppressed

0.04

Fraction of Clusters

0.02

The cutoff separating parton shower and hadronization
17t 109 10t 10° 10°  pecomes a fundamental parameter

Cluster Mass/GeV



Hadronization: the string model

PDF PS5 UE Hadrom Decay Original String

The confinement string is described by a 1D q q

string with Lorentz invariant formalism N [;’} 0 -~

New pairs of quarks are produced via a _, Tunnelling .

tunnelling mechanism (E; ,—qq pair) Py I K(t-t)
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Hadronization overview

PDF PS5 UE Hadrom Decay

program PYTHIA HERWIG
model string cluster
energy—momentum picture powerful simple
predictive unpredictive
parameters few many
flavour composition messy simple
unpredictive in-between
parameters many few



Parton Shower and Hadronization tunings

PDF PS5 UE Hadrom Decay

Typically tuned together, they are linked by the factorisation scale (tunable as well!)

Every experiment made its own tunings so far:
* experiments in e+e- collisions: particle densities/multiplicities, event shapes, jet shapes, jet

flavour contents
* experiments in hadronic collisions: particle densities/multiplicities, jet shapes

Attempt to put tunings together in the LHC era, using LHC data as well
ﬁp:lng{lfxp}
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From a global fit to all observables chosen
(accounting for correlations as well) all the
needed parameters of a model can be

extracted with errors.
Here the example of PYTHIA
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DELPHI e — At the LHC this effort will need to be
' repeated before using a model !




Decay

PDF PS5 UE Hadron Decay

Unspectacular but necessary step: hadron decays.

This is where most of the final fparﬁcles are produced. Involves hundreds of particle kinds (boring
to implement) and thousands o

e.qg.
J v + i+

decay modes...

e B*0 — BO~: electromagnetic decay

e BY — BY mixing (weak)

e BC — D*twee—: weak decay, displaced vertex, | M |2 (rgrw) (Perp*)
e D*t — DOxt: strong decay

e DO — ,TK~: weak decay, displaced vertex, p mass smeared

e pT — 770 p polarized, |M|2 x cos? 6 in p rest frame

o 70 — eTe—~: Dalitz decay, m(ete~) peaked

Dedicated programs, with special attention to polarization effects:
e EVTGEN: B decays
e TAUOLA: 7 decays



Event Generators



Event generators

Multi purpose (PYTHIA, HERWIG, ISAJET...) event generators
« simple LO ME description of 2—2,3 processes, with large coverage of the possible phase space
* PS radiation and hadronization included, output is an hadron level event

Multi purpose N-fermion parton-level generators (HELAC, MadGraph/MadEvent, Sherpa,
Whizard+Omega, compHEP...)

* N-fermion ME, with automatic calculations of amplitudes

» can cover all possible final states, but no channel specific optimization: they can require a lot of CPU for
complicated final states

* need interface from parton level to final states (PS+hadronization): typically PYTHIA or HERWIG

Dedicated N-fermion parton-level generators (Alpgen, PHANTOM, POWHEG, MC@NLO...)

* optimized for specific processes, not necessarily full coverage of processes

» designed for inclusion of specific features (ie NLO corrections)

* can typically work with pre-made libraries: fast and efficient

* need interface from parton level to final states (PS+hadronization): typically PYTHIA or HERWIG

— One needs to use the tools that are more suited for the description of the interesting physics
signal and backgrounds



Example 1: the PYTHIA process library

No.  Subprocess No.  Subprocess No.  Subprocess MNo.  Subprocess No. Subprocess No. Subprocess No.  Subprocess
Hard QCD processes: s Ly — W= New gange bosons: Higgs pairs: Compositeness: 210 i — fFi+ 250 f,r— G.0%a

11 ff; — & 6 vy —WW- || 141 £F — /202" 207 £, — H*h? 146 ey — e* 211 T, — Aoe+ || 251 fig— doria

12 &l — fle T WE S ZIWE | e (L - W 208 LT, - HFH° || 47 dg—d° 212 LT, — R+ || 252 g — Qe

13 Ef —eo Prompt photons: 144 &L, - R 200 L — A"h" 148 ug—u* 213 EE — et 253 g — Gunka

28 he— fig 14 f — gy Heavy SM Higgs: 00 LI — A"HY 167 qug; — d'qe 214 T, — 7.5 254 fig— ﬁm&i

53 g — fle 12 £f — 717 5 70E0 o a1 ff — HTH- 168 q;q; — u'qs_ 216 LEL — 111 256 fig— §;0%3

G8 gg—gp 29 fg— by 8 WrwW- —h” Leptoquarks: 169 q.f, — e=e" ¥ _ 217 LT — ke 258 hg— Gk
Soft QO processes: 114 gg— 7Y 71 7Rl ghel 145 aquf;, — Lg 165 ffi(— T* /2% — Befe || o918 ff: — Faxs 259 f'g — Qentl

91  elastic scattering 115 gz — gy T2 ZTEY — WHIWD 162 qg — fLg 166 §f,(— W=) — i 219 £T, — Rais 261 &f — utg

92 single diffraction (X B) |[ Deeply Inel. Scatt.: T3 IWE— }tl'awi 163 gz — LoLg Extra Dimensions: 220 £T, — T1¥a 262 L, — tath

93 single diffraction (AX) 10 fif;, — fufy ™% WiW[ — 200 164 g7, — Lglq || 391 ff—@C° 291 £ — T1xs 263 Ef — L+

94 double diffraction 9 g —q 7 W[=W]=E — WEW? | Technicolor: 392 gg— G* 292 LT, — Y17 264  gg— i)

95 low-pr production Photon-induced: BSM Neutral Higgs: 149 g — e 303 qf — oG 293 T, — fais 265  gr — tot)
Open heavy flavour: 33 fiy — g 151 £ — H* 191 L — ol 394 ag— aG* 294 f[TI — X 21 6L = Gl
(also I'Du_th gengation) My — hy 152 gg— H° 193 E,TJ - ot 395 gg— gG* - f:TI - X2X4 272 hf; — Guriy e

81 ffi — QuQ, 54 gy — szk 153 v — H? 193 T — wl Lefi—right symmetry: - i_‘T' )fix_"z a73 E:E; — Ghrdyrt+

82 gr— QuQ, 58 vy — fule 171 LT, — Z°H° 194 £T, — LT, MU 6 — HEE e G S O | I R

83 qufy — Quli 131 fy% — ke 172 &, — WEHC T A 32 Lé; — HE o f:TI XaXd |l ot &1, — Grd)r

84 my — Q0 132 fqf — Le 173 £, — RLH° 161 FT — wiw- || 343 £y — HiteT . f‘f A 216 &I — GLdir+

85 7y — FaFe 133 f% — Ly 174 if, — RAHO %2 i1 — Wi || 34 Gy —HgeT 20 ML =X N ot LT - qyrdle
Closed heavy Aavour: 134 ff — by 181 gg — Qe H° W53 f:f e 35 L5y — HppT :E:m ﬂ% XA 278 L — @R

86 gg— J/vg 135 oy — &L 182 g, — QuQ,H° 364 BT —ynl ne E‘? _ HE:”T - B, = XX || 970 gg— quals

87  EE — XocE 136 g — L 183 £F — gH® S ur Ly = HrT 282 Ll = XXt || 280 g2 — Qunills

B8 g — X1E 137 7 — il 184 fig — LHO 366 LT — 700 M8 Ly H{ﬁ} T 23 L — Xy || 981 ba— b

80 EE — Xa.E 138 4391 — L 155 g — gH” aor T go-d || ¥ RL—HH, 24 Ll = XX || 982 ba, — baden
104 g — Xoc 139 4i0% — L 156 I, — A° ws 0T “":T e || 350 &f, — HiTH,~ 235 Bl — X%y || 283 bo, — Bidgunt
105 gr— Yac 140 it — & 157 gz — AD oR ol WM | 351 &) — BRHEE 26 b = XX || 284 b — Biats
106 gz — J /vy 80 QY — QurE 158 7y A” 370 &i W E‘t.’g 352 fif, — RRHE= 237 LL — & 985 b — bed'n
107 gy — Jfve Tight SM Higas: 176 LT, — Z°A° 871 BL = Wime |l 353 £F, — 2k 238 Lf, — &Xa P
108 vy — /oy 3 L -1 177 G — WA® 52 BL ol || sse 6F, - Wy 239 Lf — 2 287 LT, — bib}
W/Z production: 24 £ — Z%h0 178 £f, — LLA" 373 LT, - mime |TSUSY: 240 LT — B 288 T, — byby

L LGL =20 2% LT, - Wh° 79 ff, — LA° 374 hL—ome ool LT — e R
2 L — W 32 fg— Lh° 186 g — Qe A" 315 Rl — Zme 202 LT, — 8rih 242 &, — &%s 200 2z — Fube

2 LT, — 2070 102 gz — h° 187 q, — Qu0,A° 376 Rl — Wnl || 203 6T — anat+ 243 fF — g8 501 bh 1'9 E.}

23 L — Z"W? 103 7y —h? 188 ff — gA® 3T L — W' || 904 §F, — aag 244 gg— g2 209 1:1: - 1':]15-l

25 G -W'W” 110 £f —7h° 189 fig — LA 3Bl GGy = @Gy 205§ — Ak A6 hg— @i || ooy by b

15 &f — gZ° 11 £ —gh® 190 gz — gA” 382 @i, — Ak, 206 £ — ALkt U7 Rt || o o p

16 &I, - W= 112 fig — Eh° Charged Higes: 383 qm, — e 207 T, — # 7 et |

30 fig—LZ° 113 gz — gh” 143 £F, — H* 384 Le—fLe 208 fI, — Fofd 240 fg— Genta || 299 PE— Dol

31 fig— W= 121 gz — Q*@khﬂ' 161 g — RH7 385 gg — Q. 200 LT, — RF+ 206  bb— biby+

19 ff —~Z° 122 q, — Quih° || 401 gz — THH 356 eE—oE

20 f, - AW 123 Lf, — LER° 402 qg — TbH? 387 GL - QuQ,

35 fiy — RZ° 124 fify — RER° 388 ge— QuQ,




Example 2: MadGraph automatisation

£ MadGraph Home Page - Mozilla Firefox

Fichier  Edition  Affichage  Historique  Marque-pages  Qutils 2

6 > C X @ Im]lhttp:,l’,l’madgraph.phys.ucl.ac.be,l’ bR I-‘l*|had00 2 C‘a

| Facebook | Accusi = | | ] PYTHIA = | 1% MadGraph Home Page ] I - F

Center for Partlcle Ph{
WU

MadGraph Version 4 W
UCL UIUC Ferrmu
by the MG/ME Development team T N,
Generate My Cluster Downloads

Process  Register  Tools Database Status  (needs remstration) WikDocs  Admin

For automatic tree-level
Feynman diagram and
event generation

| v

Generate Code On-Line

To mprove our web services we now request that vou register. Registration 1z quick and free. You may register for a password by clicking here

Code can be generated either by

1. Fill the form:

Model: B =] Model descriptions

Input Process: l— Examples

Max QCD Order: IF

Max QED Order: IF

p and j definitions: [p=j=d us cd™u~ s~ ¢ g =l

sutn over leptons: |I+ =g+ mut = e -l =ve vm AT = e v j

Subrmit I

1I. Upload the proc_card. dat
Process card examples

I Parcourir... |and send |it to the server.

Al



Huge theory community

Developments of modern generators (for the LHC) correspond to the effort of teams of theorists.
An incomplete, SM biased, list is here:

Language

Order of the Max. number of Physics signals

\:alculatio\n‘ final pa‘rticles‘/beyond the SM Type of program Site/Documentation
HERWIG |F, C++ |LO |3 ] Yes | Generic library hepwww.rl.ac.uk/theory/seymour/herwig
PYTHIA F,C++ | LO | 3| Yes | Generic library www.thep.lu.se/~torbjorn/Pythia.htmi
SHERPA C++ LO | 6| Yes | Generic automatic | www.physik.tu-dresden.de/~krauss/hep
ALPGEN Fortran | LO | 7 | No | Generic library mim.home.cern.ch/mim/alpgen
MadGraph | F+web | LO |5 [ Yes | Generic automatic | madgraph.physics.uiuc.edu
CompHEP | Fortran [ LO |4 | Yes | Generic automatic | theory.sinp.nsu.ru/comphep
POWHEG | Fortran | NLO | 3 [ No [ Many processes mobydick.mib.infn.it/~nason/POWHEG
MC@NLO | Fortran | NLO No | Many processes www.hep.phy.cam.ac.uk/theory/webber/MCatNLO
MCFM Fortran | NLO No [ Many processes mcfm.fnal.gov
GR@PPA | Fortran | LO No | Several processes | atlas.kek.jp/physics/nlo-wg/grappa.htmi
TopRex Fortran | LO No [ Dedicated top cmsdoc.cern.ch/~spitsky/toprex/toprex.html
AcerMC Fortran | LO No | A few processes | borut.home.cern.ch/borut
PHANTOM | Fortran | LO |6 | No [ All SM processes arg(il/.f)rg/PS_cache/arxiv/pdf/0801/0801.3359v2.pdf
™I I/AA\/ |l CAvk~s 11 N N A N €Avar nf}\{-‘f\‘fg{yl |Al\Al\Al;|ir\r'\ mMOIn?RA fr/iiamFh/DHAY EAMTIV/main hEml




Typical choices at the LHC (1)

Workhorses are PYTHIA and HERWIG (full events in one go)
* (soft) QCD, samples for UE tuning and other Monte Carlo tunings
* SM physics for detector calibration and simple backgrounds
« simple new physics processes

Use dedicated codes for the description of high jet multiplicity, like

ALPGEN, Sherpa, MadGraph, HELAC, CompHEP

* needed for W+jets, Z/y+jets, top production, multi boson, and all QCD
at high jet multiplicities (see later)

 some can also deal with many new physics signals

» use standard format interface (LHI) for passing events to the further
steps in the generation chain

Use dedicated codes for NLO calculations like POWHEG, MC@NLO
* QCD NLO calculation in generators (see later), only for SM
« get shape and normalizations more correct
« useful to get the first QCD emission right, needed for W+jets,
Z/y+jets, top production
« use standard format interface (LHI) for passing events to the further
steps in the generation chain

Specialized Generator
—— Hard Process

A 4

Les Houches Interface

HERWIG or PYTHIA

e (Resonance Decays)

® Parton Showers
e Underlying Event

® Hadronization
e Ordinary Decays

!

Detector simulation




Typical choices at the LHC (II)

Use dedicated codes that are process specific as well, especially for the description of physics
beyond the SM (HIGLU, Charybdis, PROSPINO, DIPHOX, ...)

« specific features, handy variation of the (specific) new physics parameters

« use standard format interface (LHI) for passing events to the further steps in the generation chain

The physics program at the LHC is very rich, other event generators

must be used for specific physics or for the understanding of the Specialized Generator
detector or calibration purposes —= Hard Process

* Diffractive physics (Pomwig, Exhume, EDDE), typically add-on to
PYTHIA ¥

» Heavy lons physics (Hydjet, Pyquen), also add-on to PYTHIA Les Houches Interface

 Cosmic rays generators

* Generators for beam halo and beam-gas interactions

» Particle “guns” (way to run generic generators like PYTHIA) HERWIG or PYTHIA

Though PYTHIA and HERWIG can handle the full generation chain, | ® (Resonance Decays)
specific tools can be/are typically used for decay handling: ® Parton Showers
TAUOLA (T decays) [used when the description of T decays is relevant] e Underlying Event
PHOTOS (QED corrections) [used for inclusion of real QED emissions] ® Hadronization
°

EvtGen (for B hadron decays) [used for precise description of B decays] Ordinary Decays

1

In view of the LHC, in the last years there has been enormous : :
Detector simulation

progress in the development of ME generators — next slides



Matrix Elements versus Parton Showers

It is essential to understand which techniques are applicable to which kinematic regime, and to
make the right choices.

* Parton Shower: infinite serie in 0 keeping only singular terms (collinear approx.):
[J Excellent at low p., with emission at any order, simple interface with hadronization

[J Large uncertainties away from singular regions
[1 To be used for soft (compared to signal scale) jets

* Fixed order matrix elements: truncated expansion in 0
[J Exact expansion in Og: full helicity structure to the given order

[] Calculations can easily become very tough
[] To be used for hard (compared to signal scale) jets

— High jet multiplicity events are bound to be better described by ME
— Jet structures and soft QCD are bound to be better described by PS

To which (QCD) order should we stop calculating the matrix elements and let the o
showering describe extra emissions? Pl il
Are there ways to put together the benefits of PS and ME, avoiding to B
double count processes (ME,+PS has parts of ME,, )? G

ug)
1-,]"
U0

<+— This can be either a gluon from PS out of the qq
system or generated directly via the qqg ME



Reweighting PS to ME

This is a simple and convenient way to get the first extra emission more correct without using
complex ME tools (technique implemented in general purpose event generators like PYTHIA or

HERWIG)

. . VPS
The aim is to cover the full phase space with a smooth 4
transition ME/PS
* just use Parton Shower for process pp—X
* correct it in order to get the right pp— X+g rates
and shapes. This reweighting must be done only
for the very first branching in the event
* do it for both initial or final showers
correction
wanted  generated ==t > angle
o o — W ME d
W ME _ H__-—PS M
wPs

Most used multipurpose generators like HERWIG and PYTHIA implement the rewei E ng for
the first gluon emission for some processes only, getting more correct shapes for the first gluon

emission

0o oW

total

ProblemS‘

° proJlr*r of reweighting in general: you

€ | can reweig hoﬂ/ populated phas
[t the PS leaves “holes” in the gluon phase spac

e, there is nothing to rewei

L/ p)

(q

(R )
e

&

("\

@

09’
=



Matching ME and PS

Powerful methods exist to really match PS and ME: CKKW [Catani, Krauss, Kuhn, Webber]
(implemented in codes like Sherpa) and MLM [Mangano] (implemented in codes like ALPGEN
and MadGraph). Here only the second is discussed

Practical technique to avoid ME and PS double counting in the generation at any order:
k=3, Npart=3

1. generate the events at order k in QCD - Npart

2. shower the events (no hadronisation) and cluster them

into jets structures < Njets

3. match partons from the ME to the clustered jets (i.e.

requiring AR(parton,jet)<R_ ) - Nmatch

4. if not all partons are matched to jets, discard the event

Works independent of the generation procedure B e Ty

Njet=3, Nmatch=3: keep
the event

Njet=3, Nmatch=2: discard the events -

My

1. ME+PS Njet=4, Nmatch=3: keep
2. ME,,+PS >_— the event only for inclusive
3. ME,,,+PS matching

4. ME, ,+PS

 Can build a ladder of samples including real emissions reliably with matrix elements,
but only with real terms (ie the precision of the total cross-section is still LO)

* To keep in mind: PS(today) + PS(yesterday). Tunings need to adapt to the choice of the
matching



ME to PS matching at work

Matching ME and PS is not for fun. It is needed to describe data!

‘ Pt of the W in W + jets at Tevatron by MadEvent/Pythia |

Cross section (pb/bin)
(=]
]

10"

102

—— Sum of contributions

| ]41I_IIII|_III_ Ll

] e
co o bt by b b b s L s b by bk Laa

----- 0-jet sample
s 1-j01
----- 2-jet
3-jet
----- 4-jet

—&— DO run 1 data

0

20

40

60

80

100

120 140

160 180 200 220
Py (GeV)

107

CDF Run Il Preliminary

* CDF Data IdL = 320 pb"
L‘u W kin: E:>20[GeV]; Iy"1<1.1
MY > 20[GeVicT]; E, > 30[GeV]

JetClu R=0.4; hik2.0
hadren level; no UE correction

—# LO Alpgen + PYTHIA
Total s normalized to Data

Jets:

IIIII| IIIIIII| IIIII|T|'| T TTTITE
=
f
[]

I Ll I 1 1 | 1 1 | L1 1 I L1 1 I 1 11 I L1 1 I 1
0 50 100 150 200 250 300 350
Jet Transverse Energy [GeV]
p spectrum of 4 hardest jet in W+jets
Tevatron, Run II, simple cones, R=0.7. p,"* = 10 GeV

Different codes also give very similar predictions

in terms of shapes
» comparison to data more reliable

* understanding of different implementations
the matching (for instance CKKW-MLM)

* assessment of systematic errors

T T T T T

T

T

10 F

of

do/dp,

0lE
0.01 F

0,001

— Alpgen+Herwig
—— Sherpa
Sherpa (Jet from shower)

Ut 4 L ) ]

100 150

P |’j»:l| ) [GeV]

250



Example: top pair production

—— Alpgen ttbar+jets
[ P 0 jet
2 = e 1 jet
10° E_ L 2 jets
E pT(tt) 3jets
o i) 4 jets
10 g_ ——— MadGraph ttbar+jets
?f./ 0 jet
S i - 1 jet
10 L N 1t 2 jets
E T 3jets
10 )
PR
0 200 200 600 800 1000
Pt (GeVic)
I Phi between t and tbar |
s F
¢ | "
—— Alpgen ttbar+jets -
107 -
- — MadGraph ttbar+jets -
10° q) ( ) +..:=*==
— P
_ i
e T
= et s
jEscaniseecomst2oton
L 1 l L l L l L I L I 1 I 1 L
0 0.5 1 1.5 2 25 3qJ

t-thar

ALPGEN and MadGraph differ by at most
50% on the p; prediction

Important to understand the residual theory

error on the distributions:
* Effect of renormalisation and factorisation scales
on the predictions

» Effect of the chosen ME-PS matching scale

Excellent agreement on other variables

Eta of mE
3:0.04 =
< - »
0.035— F o - 4_+:.:;1_—‘4=+ :|:+
[ ™ =u .
0.03— + : t
: - - N
0.025— 5= -
0.02— -
= = .
0.015[— - _ .
- —— Alpgen ttbar+jets
0.01— - N
0.005 = - —— MadGraph ttbar+jets -~
6 -4 2 0 2 4 —
Tlmp



The importance of Matrix Elements tools

A parton shower is by construction an highly tunable tool.
For a matched calculation the effect of tunings in the hard regions are less relevant because this is

described by the Matrix Element
 more predictive power
* less sensitivity to the MC tunings

* systematic errors due to theory/modelling are smaller (should include theory uncertainties

of the matching itself)

E -
E. i f (a la Pythia)
=
o c
E - P, of the 2-nd exira jet
1=
'"]—1;_ ° Qz(w|mpy] & éavn‘—‘ WA\,
- O QP (powen) \ A
10%= 4 Py (wimpy)
e W\
| | 111 1 | 111 1 | L1 1 1 | | A
10° 50 100 150 200 250 0 350

400
GeV

do/dP, (pb/bin)

10

10"

10?2

10°

F. Maltoni, top 2008

® @ (wimpy)
© Q? (power)
A P2 (wimpy)
A P (power)

tt+0,1,2,3 partons + Pythia (MMLM)

P; of the 2-nd exira jet

100




Higgs Production



Production mechanisms

qa




MC Tools

@ Fully inclusive : calculates total cross-sections,
possibly with some non-realistic cuts

O Parton-level : calculates cross-sections and
distributions for any observables

@ Fully exclusive : full event simulation down
to hadrons...



Presented Numbers

In the following we present the ‘most up to date’
numbers for the most important SM Higgs production
process cross-sections, together with their ‘theoretical
uncertainty’

The tool used to compute them are
Everything besides Gluon-Fusion: Dedicated tools by M. Spira
HggTotal for the Gluon-Fusion, for more detail of the computation, see
e C. Anastasiou, R. Bougezhal, F. Petriello, JHEP 0904:003, 2009
The theoretical uncertainties are estimated by

Varying the renormalization and factorization scale around a process dependent
reference scale p in the range [l/2, 2 4]

By scanning over the error PDF sets
Find the detailed numbers here


http://people.web.psi.ch/spira/proglist.html
http://wwweth.cern.ch/HiggsCrossSections

gg—H @ NLO

MCFM Campbell & Ellis
MC@NLO Bryan & Stefano

Herwig++ Hamilton et al.

POWHEG Nason et al.

Comments:

Many comparisons exists. All
showing that higher order effects
are important

© O 0O



Gluon Fusion

m, o [pb] o (M) [%] | 0o (PDF)
Pert. order | NNLO [GeV] [%]
105 3.795 x +10.0 +1.79
M my, 10t -9.20 -2.28
PDF set MSTW2008 300 5.273 +9.16 +2.26
-9.49 -2.53
600 9.236 X +9.06 +4.04
101 -9.84 -5.17
pp - H
T T T T T T T T | T T T T T T T T
20.0 —
10.0 —]
Té_‘ 5.0 __

2.0

1.0

0.5 -




Vector Boson Fusion

At NLO:
® MCFM Campbell et al. O

® VBF@NLO Zeppenfeldetal. O
At LO:

® Many tools with matching



Vector Boson Fusion

my o [pb] 0 (M) [%] | O (PDF)
%
Pert. order | NLO [GeV] [%]
105 2.893 -0.71 +2.04
u m,, +0.48 -2.05
300 6.973 X +1.06 +2.66
PDF set CTEQ6M 101 -1.42 -2.59
600 1.507 x +3.07 +3.03
101 -3.32 -2.98
pp - H + qq
80:I T T T T T | T T T T | T T T T T :
20~ -
1.0 E
= —
& O.'?%— —%
B 3 IE
05:— g =
0.3 f— \1‘1\\} —f
0z =
. | | | | R
200 200 400 500 G600




Heavy quarks + Higgs

Top

At LO everything public and
available, even with matching.

At NLO two private codes,
one from SPIRA et al. and one
from Reina et al.

Cross sections available in
FeynHiggs with the effective
coupling approximations

Bottom

Much more complicated
depending on the scheme

At NLO in the 4F two private
codes, one from SPIRA et al.
and one from Reina et al.

At NNLO one “public” code
from Harlander bb@NNLO.

At LO a work still to be done
to accomplish solid matching



Association with W/Z Boson

m, o (HZ) 5(n) [%] |6(PDF) |oHwW) 5 (1) [%] | & (PDF)
[GeV] [pb] [%] [pb] [%]
105 0.873 +0.37 +2.02 1.686 +0.37 +2.03
-0.10 -1.90 -0.06 -1.89
300 2.176 X +1.58 +2.51 4.072 x +1.60 +2.45
10-2 -1.32 -2.51 10-2 -1.34 -2.46
600 1.055 x +2.42 +3.45 2.056 x +2.43 +3.43
10-3 -2.40 -3.43 10-3 -2.41 -3.42
pp - H + Z/W
|J mZ/W 1.000:| L L T T T 1 ]
0.500 - —
PDF set | CTEQ6M ; _

0.100

0.050

0.010

0.005

0.001 -

=00

200 400
my [GeV]

SO0

GO0



Association with Top-Pair

Pert. order |LO my o [pb] 0 (M) [%]
[GeV]
M (my + 2 my,)/2 105 3.213 x +34.6
PDF set | CTEQ6L1 0 238
se
Q 300 1.284 x +36.2
10~ -24.5
600 1.542 x +40.5
103 -26.7
pp - H + tt
U,5UU_| | — T | | — | T ]
D.IDOZ— —:
0,05(}?— —f
a - j
- i N |
=]
D.Dl(]:— —:
0,005; —f
e P ——— - | - | HHT‘

200




Higgs Decay Modes
&
Branching Ratios



Branching ratios & Higgs mass

Partial widths at tree level: SM Higgs
D F{H N f;‘) x N meSmH Branching ratios and total decay width
0 F{H—) VV) o SyBm3(1 -ty +212)
B%=1-4mZims, v = 4mi/n%,
N = 3 for quarks and N; = 1 for leptons
ow=2,07=1

BR(H)

Low mass region: .
0 H — bbdominant o

Higgs mass region: % |
0 Tot=T(H—-> WW)+T(H—> Z2Z) "
|:| mpy = 14TeV/02 — rfOf = My 1{;.—2;_ _f




1072

BR(H)

10— 4

10— 6

Higgs decay modes

] | | ]
T ! = | |
B 77
S
II I|
Mo tt —
|I -|
h
|
AR
- . - _
'_K“" - -.-H‘-H‘-\-..
N T ... bh
— o B - -]
g ST~
".]., Ly "'--H._'f*—uhﬁ__ T
.I.II _\_"'—\-_,__\___\___\-
B e oy —
L, 8 o
1 | 1 I.'.|“—\--\-\-I"'L 1 1 1 | | 1 1 | | 1 1 1 | | 1 1
200 300 400 500
my |[GeV]

Values computed with E

ECAY v.34



Shopping list for a coherent MC setup

» Take care of the SM as correctly (and uniformly!) as possible

— Satisfactory ME description with needed corrections. Reweighting is a possibility...
— Coherent interface to showering, fragmentation, decay

— Uniform choice for input parameter settings

— Same cuts/description for signals and backgrounds

* Diversity wins: add generator redundancy in
crucial portions of phase space
— One prediction is often not enough
— NLO, different generators...
— Different interface to showerings — prepare to tune with data
— Different settings to study systematics (tunings, scales...)
— Sensitivity of analyses and reconstruction methods to “theory/modeling” effects

* Add new physics samples
— Main SUSY and BSM points to train analyses

* Determine tails
— Study what tails are most interesting and refine studies there

L' The use of an as much coherent (IPS, PDF, cuts) as possible set-up will ease enormously the
tasks of the analyses
» compare SM and BSM on a similar (equal) footing. Include SM-SM and even SM-BSM interference
» disentangle detector/simulation effects from the physics input to the generation
* speed up things



A common effort

Never underestimate sociological aspects in a large HEP community

Based on the experience at LEP/Tevatron (and actually also at the LHC already), the
only winning choice is to build a community working together

1. Theorists and experimentalists
» we (have) learn(ed) a lot from each other
« support (online!) on generators setup, tunings, definitions
« significantly reduce the probability of a misinterpretation of data
* possibility for theorist to have access to data before an experimental paper comes out

2. Experimentalists and experimentalists
« different experiments or different analysis should try and work together

» same process definition (signal for someone, background for some other)
* coherent setup generation across the phase space

» combinations (where applicable) need standardizations

3. Learn from other experiments (i.e. tools, tunings)



Conclusions

® A lot of tools available

® The highest level of theoretical
understanding for cross-sections and
observables is actually for the Higgs

® Still room for improvement within the
current technical abilities



First collisions!

File Edit View Window Help

AOempodo Delay un [REEEE  cvon Mon Moy 23 19:20:55 2009 CEST

—9 30s | Event Filtering is OFF Lumi block id: 25

Add Collection | Rho Phi

Electrons
Vertices
DT-segments
C3C-segments
Fhotons

MET
sistripClusters

Let's start comparing collision data and Monte Carlo!




Backup slides



A Roadmap (with roadblocks) for BSM @ the LHC
TH PHENO EXP

Aut. Feyn.
Rules

Any amplitude

Any x-sec

partonic events

Pythia

PGS

o Paper =




A Roadmap for BSM @ the LHC

TH
| e |
_Lagrengien
| FeynRuies |

EXP
= One path for all
o Physics and software validations
streamlined
@ Robust and efficient Th/Exp
communication
“ It works top-down and bottom-up

Complete automatization for
level
including merging with the parton
shower in multi-jet final states, for SM
as well as for BSM physics.
Automatization of NLO is very

tree-
based calculations available,




The FeynRules Project

[Christensen, Duhr, 2008; Christensen, Duhr, Fuks,

et al., in irniress]




A simple example @LHC: pp—{7L+2 jets

Step 0: define the couplings (at leading order) to which you want to perform the calculation:
« QED=2; QCD=2

Step 1: determine all diagrams and subprocesses contributing to the Matrix Elements.
1. Average over initial states: pp=2q;q;+2q,g+gg (x 108)
2. Sum over final states: £=e,lU,T; “jet”=q, g (x 15)

3. For each configuration determine all Feynman diagrams contributing to the subprocess
amplitude. Consider for instance the simple case uu—uuT T: 16 different diagrams

— Order of thousands Feynman diagrams only for this channel with 4 partons in the final state !



A simple example @LHC: pp—{{+2 jets

Step 2: calculate the Matrix Elements |M| corresponding to all sub-processes contributing to the
observable final state
* This must be done in an automated way, either by using libraries or automated calculations

* The functional form of the final ME will have be very complex, with resonances from internal
propagators (for instance the Z in our case)

w0

Step 3: integrate the Matrix Elements over the corresponding 4
particles phase space
 Adaptative Monte Carlo integration give the best performance

* In output one can have at the same time weighted “events”, each 12
“event” being a point in phase space o

Step 4: produce unweighted events

By using an accept/reject method do

do

OO0
I

DBDD M

O



Monte Carlos

Next you need to integrate the Matrix Elements over the appropriate phase space:

Dim[®(n)] ~ 3n
1 NN 4
o= %/|M| dd(n)

n d*p; 45(4 -

This is a 3n dimensional integral (if we know how to write the Matrix Elements) that can be
tremendously complex

« it depends on the total number of particles in the final state

« forget pen and paper (ie in general no analytical formula)

« use numerical methods to solve it

The best way to make the integral is to use a Monte Carlo integration (programs like VEGAS)
» fast convergence in many dimensions
« arbitrarily complex integration regions (finite discontinuities not a problem: can include cuts)
* easy error estimations
* can generate events while sampling the phase space! (hence the name Monte Carlo generators)



Monte Carlo integration

The Monte Carlo integration methods locally approximate 7 = / . f(z) de = (o — 1) (f(2))
your function. They work because of the central limit theorem =

N
« error is improved by reducing V. Best case I~ Iyn=(xo— xl)% > fl=y)
for f(x)=c, for which V=0. =1

I~ Iy+/Vy/N Vi=(eo—an) [ 1@ de— [ f() az]”
xr1 T]

Adaptative integration: 1

1. Sample your function f(x), and determine your integral as an T

approximated sequence of step functions \“\\

2. Try and learn while sampling, throw more points "

(points=events!) where f(x) is large, i.e. the variance is large

3. Adjust the bin size in such a way that each square has the E

same area

0.2 0.4 0.6 0.8 1

4. Iterate the procedure
p(m)=¢, r, — Ar, <x < x

The adaptative integration corresponds to a Jacobian transformation for flattening the phase
space

The extension to N dimensions is trivial, the problem is the multidimensional phase space
sampling, where complex resonant structures may and do appear (from propagators in the MEs,

typically)



Generating events

Most used and effective way to generate evens is via the hit and miss technique.

* Throw an X in a range x=x_. +R(X_ X . Py J

» Find f(x,,, ) or an upper value for f(x) in the x range above 0.016 -

. ' 0.014 | |
Throw an y in the range 0, f(x_ ) 2 ot
« If y<f(x), keep x, otherwise reject it and start again “é .
& 001"
: N : : : : < oo0s
This method implies an inherent inefficiency, entirely dependent g poos
on the phase space structure. ™ oone

Simple ways exist to make this method more efficient 0

1. Be smart in maximizing f(x)
» use linear or step functions S such that S>f everywhere
» use linear sum of known functions always >f, then select the accept-reject condition
according to their relative importance in x

Observable O

2. Find a jacobian transformation J(O) of the variable O for which
f(J(O)) 1s ~flattened up
 what happens in an adaptative sampling
» mandatory when phase space contains important peaks

f(3(0))



Parton Showers: basics

PDE PS UE FHadron Decay

Cross sections factorize
near collinear limit

d®, 1 =dD,do, dD, — dtdzdge
dt  do ) . :
" = ] collinear singularity
dz dE
i ES soft singularity

Universal DGLAP splitting functions . o
If you have a second collinear emission one can

5 : iterate the formula
O k:+.l+m k_|_g ke
_ k % . - )( ’ W] T
I-0 6 20, U

q 49, q— gq .
1—|—z 1+(1 2)? A0 '\-l?;: v . 1
- 07 (T
?,__, 84) 1 m
O,
T
8.0 —0 with 8/ > 6
Q? dt1 h dt2 bt dty Q2
~ oy cxs f_ O'D{Xb
g _ qq fo to Jtg n

g —
L4
+zl(_{(1z) 2 ) 24 (1—- z) t,= Ngcp 18 an infrared cutoff : leading-log approximation




Parton Showers: basics

PDE PS UE FHadron Decay

How many time should we branch a line, however?

APy (1) = w P (842,
dt .:xb

dpenlis(f+ dt, f} = ? ﬂ’;g) /dz P!-’jk(z) dPo emis(f + dt,f) =1— dpemis(f—l— dt, f) 1 — —

] dz Py (2)

dt as(ty) hodt o (t
Pro emis (f1, £2) = 1”?‘ H {1—_ /d Py ji(z } = EXP{—f?” a(!) fd P;;k(Z} Sudakov form factor

%0 =1 tn ,

ML) F

1LofF

The shower algorithm is then implemented in an iterative way:
* Find your evolution variable t (different choices exist) and
your initial scale Q?
* Branch it the first (and only!) time according to dP; °“§

G.E —

r
0.6

1. generate r — determine t’ osf
2. if t’<t,, stop here (the parton has not radiated) ok
3. 1f t'>t, generate z, jk with probability P, ,(z),
assigning energies E=zE, and E,=(1-z)E, to partons j and k
4. restart shower from partons j and k, setting the ordering E, :
parameter accordingly t=t’ (1-2)E,
5. repeat until no further parton can radiate

* Q? 1s an upper cutoff for the ordering variable t

* t,= N\gcp 18 an infrared cutoff (corresponding to the confinement scale)




Parton Showers: basics

PDE PS UE FHadron Decay
Several possible choices of the ordering variable t:

2{] —cos E')
-

zF

virtuality: ¢ E2z(1—-z) & E Ip
2. _ 2.2 22 4 e
pa: t = E?z?(1-2z2)%0 \

Vg
angle: t E2g? (1-2)E

PYTHIA: Q2 = m?  HERWIG: Q% ~ £26? ARIADNE: Q2 = p?

2 .2
Py Py Pi
AN\
| || I / } ‘\
Y 1 -y >y
large mass first large angle first large p | first
= “hardness” ordered — hardness not — “hardness” ordered
coherence brute ordered coherence inherent
force coherence inherent
covers phase space gaps in coverage covers phase space

ME merging simple ME merging messy ME merging simple



Parton Showers: basics

PDEF PS URE Fadron Decay

An illustrated example using the parton shower as implemented in PYTHIA:

2 -n = (2—2) & ISR & FSR

FSR = Final-State Rad.;

timelike shower
QQ? ~ m? > 0 decreasing

ISR = Initial-State Rad.;
spacelike shower
ISR 2 -2 FSR Q% ~ —m? > 0 increasing

The initial shower is evolved back in ‘time’ to match the PDF at a scale Q? for which a choice of
the parton initiator “K” according to PDF,(x,Q?) becomes possible (= is picked up)

The final shower evolution is cutoff at some scale Q, (factorization scale, tunable parameter,

typically of the order of confinement scale ~ 1GeV), after which the event will be left as a set of
quarks, leptons and gauge bosons (gluons, Ys)
The underlying event will have to be added, then fragmentation takes over



The underlying event: MPI
PDF PS UE FHadron Decay
The 2—2 QCD cross-section is dominated by the t-channel gluon exchange diagram, divergent
for low transverse momenta: do/dp? ~ 1/p% forp, — C
This is unphysical, since perturbative QCD is not valid down to scales comparable to the hadron
confinement scale — introduce an empirical cut-off (to be tuned) in the cross-section expression

A How many interactions will then happen, on average?
e . * if they were independent they would follow a
poissonian statistics
N 1/p, * momentum correlation (E, p conservation) suppresses

large numbers of interactions per collision

resolved screened
0 )2 1y .
dcf’/ w1 Rule of thumb for Double Parton Interaction with
process A and B:
* 0(A+B) = a(A)x o(B)/o(eff)
 g(eff) empirically determined: ~10-15 mb at the LHC

do  a2(p?) aZ(p?) .
5 ox —— == — =2 L20(p, —pimin)  (simpler)
dPL P Py
27 2 2
or — 95’%'@0 +2‘“—2) (more physical)
(}-‘_O H- F-’J_)

= p2 Main parameter in the Monte Carlo tunings !




PS UE

PDH Hladror

The underlying event: MPI evidence

Decay

The evidence of MPI is confirmed in other hadron-hadron colliders:

Indlrect eVldence at UAS (p-p 540 GeV)

107 | ,, = _
BN it ait
o u )\\q ]
o ﬂ n WLopr only
e \ -
i .JJ,- || ¢ + Hard scattering
o./To. I||II_ ,1 r—r"ﬁ/
i \ AR ISR + FSR
10 |L 15 R
. Nchayged .
e 1] ! 2|0 4-9 a0 = ,IJO o

charged

4 UAS 1582 DATA

t uas 1981 DATA

\—tMPI pTmin=2GeV

My~ +MPIi)Tm1n—1 6GeV

1 + MPI meln 1.2GeV

a 20 40

Direct evidence at the Tevatron (p-p 1.8 TeV):

y +3jets events

Number of Events / 0.052 radians

800

100

700 |-
o0 [
s00 [
400
300

200 [

- CDF 16 GeV y/m° 3 jets
| -Vertex-Events

= Data

DP component from
Two-Dataset-Method (52.6 %)

— Monte Carlo admixture: +
2.6 % DFy+ 47.4 % Pythia
+

118€ (L661) 9S AUd ‘AdD

ill—

e between Pr’s of pairs (radians)

Double Parton

azimuthal angle
" __* between the p;

s vectors of y+j and j+j



PDF PS5 UE Hadron Decay

Tune on data distributions (differential in n, ¢) of <N, > and <ZP>
in the region transverse to the leading jet

Use CDF data at 630 GeV and 1.8 TeV (for energy extrapolation)

o

4 JIMMY43 -UE
= PYTHIAGALG - tuned

| @ CDF data

< N(ha = - transverse region
=
T

| ‘Wtwﬁ‘mwfﬁi;#%

W T
- 2
3 e :
g‘]“:.. I]IDII I2.|0IIII30IIII40III|50
P itng e (GEV)
Extrapolation at

LHC energies may give
very different results !

< Nehg > - transverse region

12

10

* Leave radiation (IS/FS) as default.

* Tune colour reconnection parameters,
matter distribution parameters.
« Main parameter is the p, cutoff

[ & IvMMy4z-uE
- @ PYTHIAG.416 - tuned

| @ CDF data

:— .“‘..--n---n"' -h.J#*ﬂ*‘!W +
- N

: L;- ++ + . ++ H+
ety stortphppitetaptettyet]
= LHC prediction

W 1 ! P R R
0 10 20 30 40 50

Py teading jor (GEV)

> - transverse region
— o
=) (]

{Pt Sim

The underlying event: tunings

J.tg,__ M

Iukau
‘,'-\._‘ \
JJ -
; .

s
.
"Trlmam ~
ﬂ!‘clﬂld]ﬂ]"“—-—-— -J_.. -~ :——_*’f:'

II.

L] - ~ P
5 - ""-\.._ J
. .
LA - F
v S
. ;
Away
- - -

. |8al>120

Njets> 1
h]jetl < 2'59
E i« >10 GeV,
|r|track| < 2 5
= track ~ 1 £ A\ /A
| & JIMMY43-UE
[ 8 PYTHIAGA16 - tuned
!
:_ @ CDF data o "'*1' *++++T++++++
.I i ‘“‘_“+++++A+
TR S i
i i:. + LHC prediction
0IIllllolIH2|0II”3|0“H4|0I”I

50

Py leading jot (GEV)



Validation of the matching procedure

Diff | =0 jet rates for pp—ttbar+jets at the LHC

— ttbar matched
------ ttbar + 0 partons
ttbar + 1 partons
------ ttbar + 2 partons
—— fttbar + 3 partons

10

Cross Section (arbitrary units)

1 B )
; Diff 2— | jet rates for pp—ttbar+jets at the LHC
- _— = — ttbar matched
B g N [PECORS ttbar + 0 partons
Al [= B - ttbar + 1 partons
10" = e - L T RSP ttbar + 2 partons
E |.>_‘ 10 = —— ttbar + 3 partons
: EF
e 3 r
: = ==
102 J:Ir\l!aFI(,sran]‘ L T A 1 Diff 3—2 jet rates for pp—ttbar+jets at the LHC
0.5 : 13 2 g £ —_ = — ttbar matched
‘6 e ‘g . gemggees e ttbar + 0 partons
@ B c [icpeesseaan . - ttbar + 1 partons
w B 3 g L e ttbar + 2 partons
$10-1“_ 210 & —— ttbar + 3 jets
§ ¢ £ F
o = 2 =
L s
107 § '
= © -
- ¢ L
- [MadGraph] @ al
3L ] Q107 E
10 ST DU WU TR WU IO OO WO VU0 UURTIO: A L T W T T MU 1 G E
0.5 1 1.5 2 &
107
- [MadGraph] i :
10_3;IIII\I|\I\\lg\\ll‘ll\‘I\Il\
* Jet rates are 05 1 1.5 2 25 3

"Log10(Qpar3
smooth at the cutoff scale 0g10(Qpar3)

independent upon the cutoff scale (under reasonable variations)



NLO ME

. . _ R %
Remember: two separately divergent integrals ONLO = / . do™* + / do
* Must combine them before numerical integration m m
* Is it possible to include virtual corrections as well in the calculations?

|. Lowest order, [l. First-order real, [1l. First-order virtual,
O(aem): O(cemas): O(aemas): W+2j ets at Tevatron
aq — Z0 qq — Zog etc. qq — Z9 with loops L L D T T 7
T W+2 jets, R=0.52, C'rmar.(mg, ]
30 |_Jet cuts p>15 GeV, lyv|<2 N
| lepton cuts |
o NLO (incl)
_ - \\ NLO (excl) A
do/dp . do/dpy do/dp | I N — L0 —
A 5 : \_\\__‘__ o :
Ipwest order real, 400 L -
finite o - B
. _ B [ | I I | I I | I I |
- Pl - PL Pl % 50 100 150 200
virtual, —oc p [GeV]

Campbell, Huston, hep-ph/0405276

NLO(k) calculations are superior to LO(k) because they include exactly the virtual corrections.
Predictions for (differential) cross-sections are more reliable than LO(k). Parton shower
techniques and LO ME only deal with real parton emissions

This allows to predict normalizations and shapes of the distributions more coorectly (NLO(k))
They may be inferior if interested in multiple real emission beyond LO(k) (i.e. LO(k+n))



NLO ME with PS

Aims:
* hard emission described as in NLO computations
* soft and collinear emissions described by parton showers
* the matching between the two regions is everywhere smooth
Strategy, in a nutshell:
* calculate the NLO ME of an n-body process (real+virtual n-body+ real (n+1)-body)
* calculate analytically how the first shower emission off an n-body phase space populates an
(n+1)-body phase space
* subtract the shower expression from the (n+1) ME to get the “bare” (n+1) events
* add showers everywhere
Features:
* normalizations and shapes of the (differential) cross-sections are more precise
* events with negative weights may appear, and need to use them in the analyses

/ .-y+ 17— Yhaony ray I NG
I [ I [ () bb@l V (ll)leb 102 il " “1p® 109
_ I E
50 1
L 100 sy = -
~ 1 L = et —
| 50 10 Solid: MC@NLO ™., E
L Dashed: Herwig
& ;: 3 —~ g0 Dotted: NLO ]
T e T el O S ] E
‘: 10 F E =
2 . £
e L 0 -1 —
= 5L e, = S :
5 . Solid: MC@NLO
I RWIC NLO wE e
w3 b Dashed: HERWIG x ZLS -l | F 108 ‘ G 1
Lo ‘..: — F 500 1000 1500 gooo T
i Dotted: NLO i e - B (ce¥) :
i " e E T — L
Lo—4 . \ L N

Tl 10 103 0 1 2 3 ' ) e
o™ (Gt 86" (rad) hep-ph/0305252  109(p+(tt))



Example: top pair production

Large differences between and in transverse
variables related to radiatiof
TopRex
5 dGraph ° : — S ot
2 . E“ P (tt) e b Large effects at high p(tt)=p(radiation)
F 0 jet * Average p.(tt)~60-70 GeV !
T ; E . * 40% probability that a tt system recoils
ok . 3 against a radiation larger than 50 GeV
ot — effect on reconstruction
E ]_‘m J[ — Mandatory to use the same strategies for
CE LTILm HW physics backgrounds like W/Z+Njets
i
| Phi between t and tbar |
- MadGraph ttbar+jets/TopRex .
210 3 [ _
e 1 < —— TopRex =
C MadGraph ttbar+jets/MadGraph 7 T 107 -
i 1 - ——— MadGraph =
7E 1 Jrﬁﬁwl i : |
E L4 l WL - —— MadGraph ttbar+jets -
E 1+ s ==
- _{'-4_:#1_'_ T 102 E_ e ;;:_
10 E_m'&rg/t/ =¢Ir'“+ Eﬂ s :‘*:*__*:_: A¢ (t‘t)
C \t +__|_+T %a\ g r __*__:_::*
[ R 8 g 10° =T
15_ _h—_l | g | | | E::l::l-:_l?tzlvxl-:_tl:t:—]#l—-‘—lllllIIJlII]llIJllIJJIII
o 100 200 300 400 _ 500 0 05 1 15 2 25 3

Pt,.. (GeVic) L



Example: top pair production

: [ Ptof ttbar | E——
Comparisons to an NLO generator (MC@NLO) _:.t po - :';F::: 0
show that the hard part of radiation is better —— MadGraph tt+jets

Alpgen tt+jets

described by ME than by PS.
 Non perturbative part treated by HERWIG/JIMMY .

Still a very important step in understanding high
p- radiation and increase our confidence in the
process description. Also gives indications on:

* Relative importance of first emission

» Normalization
* Indication of systematic errors associated to the description ot radiation.

°I¥HIIII| T IHIHI‘ T IHIIHl T \I\HH| T T

500 600 700 800 900 1000
Pt (GeVic)

tthar

| PRI AN T Y |

100 200 300 400

Preliminary generator

Essential agreement in the p.(tt) tail. Good agreement in other distributions. level study
—— MCaiNLO — MCatNLO
S10'E —— TopRex S C — TopRex
< F < 0.035— 5 ‘ '
- — MadGraph tt+jets r | EEEHﬁjfﬁ —— MadGraph tt+jets
102 Alpgen tt+jets 0.03— FFK \ Alpgen tt+jets
B 0.025 f— | ‘
10° C =
= 0.02— \ o
- - |
4 0.015—
E - . 1
C 0.01— = ’
10° = - I \
= 0.005[— I,—#JI \
E C o "
B cov v b b v b b b b by 0 L = .-"__IT,_‘ | 1 L | | L L | I il L | =:‘y_5—\_-
0 100 200 300 400 500 600 700 800 900 1000 6 -4 2 0 2 4 6

Pt,,, (GeV/c) ’ i n



Kinematics

u (1) u@) 5= (p1+pr2)?
g = (p1 — p3)? = —5(1 — cosh) /2
d(2) d(4) 4= (p1—pa)?=—5(1+ cosh)/2
dé w4 55244
' saqd' == "2 ~ Rutherford
qa’ — qq @S = ( )
_ 2
D (A) s = (pa +pB)
Trq ~ EI/EA
xo ~ E2/EpB

p(B)

8 = x1xT58

dcrw

5_2// dzy dap df fiN (21,Q2) 117 (20, Q%)



accuracy,
[loops]

Status of calculations

PP n particles

Two-loop:

- Limited number of 2— | processes

. fully inclusive
O parton-level

.No general algorithm for divs cancellation . fully exclusive

. Completely manual
-No matching known

O O

R C©)

One-loop:

.Large number of processes known up to 2—3

.General algorithms for divergences cancellation

.Not automatic yet (loop calculation)

.Matching with the PS available for several processes
(MC@NLO)

O O ( | Tree-level:
.Any process 2—n available

. Many algorithms
. Completely automatized
- Matching with the PS at NLL

© 0000000

3 45678910
complexity [n]
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