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Comparisons
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B) Monte Carlo is wrong
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Main Tool

Lowest-Order Matrix Elements calculated in a fixed-order perturbative
expansion — parton-parton scattering cross sections
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Complications

LO = Leading Order and Totally Inclusive

Radiative corrections

e Additional jets change signal topology

e [{ factors change cross sections (total and differential)
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Complications

LO = Perturbative and Factorized

Hadronization, Underlying Event,

Beam Remnants, Hadron Decays, ...

No major changes to event rates or topologies
Aparatus > |fm away from interaction point
Important for calibration and precision

Observables should be physical and IR safe
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This is an approximation to

inifinite-order tree-level
Ccross sections
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+ UNITARITY:

Virt = — Int(Tree) + F

(or: given a jet definition, an event

has either O, |, 2, or n jets)

This includes both real and - e — &
. . AN & - X T X 1
virtual corrections Hiexd "
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» A (Complete Idiot’s) Solution — Combine
1. [X]ye + showering Run generator for X (+ shower)

2. [X + 1 jet]ye + showering Run generator for X+1 (+ shower)

3. ... Run generator for ... (+ shower)

» Doesn’t work Combine everything into one sample

e [X] + shower is inclusive

e [X+1] + shower is also inclusive

X inclusive X exclusive
X+1 exclusive What you
X+2 inclusive want

Overlapping “bins” One sample

X+1 INCIUSIVE

X+2 INCIUSIVe
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The Matching Game

2' Adding back full ME
for X+n would be

-®- Shower off X dsqq dsyy

already contains LL doyy ~ 2¢°doy
part of all X+n overkill

4‘ Solution |: “Additive” (most widespread)

Add event samples, with modified weights

wy = |Mx|? + Shower
wx+1 = |Mx+1)? — Shower{wx] + Shower
Wxin = |Mx+n|? — Shower{wx,wx+1,...,Wx+n-1, + Shower

HERWIG: for X+ @ LO (Shower = 0 in dead zone of angular-ordered shower)
MC@NLO: for X+1 @ LO and X @ NLO (note: correction can be negative)
CKKW (SHERPA & others), MLM (ALPGEN & others): for all X+n @ LO

(force Shower = 0 above “matching scale” and only match to matrix elements in that region)



The Matching Game

+®: Shower off X » Adding back full ME
already contains LL doxi1 ~ 2¢*doy for X+n would be
part of all X+n Sal - overkill

d.S‘al dslb

. - . Siéstrand, PLBI85(1987)435
Solution 2: “Multiplicative”




The Matching Game

-®- Shower off X -®- Adding back full ME
already contains LL doxi1 ~ 2¢*doy for X-+n would be
part of all X+n overkill

dSal ds 1b

E2d Solution 2: “Multiplicative”

| One event sample

wy = |Mxl|? + Shower

Make a “course correction” to the shower at each order
Rx+1 = |Mx+1|?/Shower{wx} + Shower
Rx+n = |Mx+n|?/Shower{wx+n-1} + Shower
PYTHIA: for X+| @ LO (for color-singlet production and ~ all SM and BSM decay processes)
POWHEG: for X+1 @ LO and X @ NLO (note: positive weights)
VINCIA: for all X+n @ LO and X @ NLO (only worked out for decay processes so far)
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Remaining Uncertainties

» In a (matched) shower calculation, there are many dependencies
on things not traditionally found in matrix-element calculations:

» The final answer will depend on:
* The choice of shower evolution “time”
* The splitting functions (finite terms not fixed)
* The phase space map (“recoils”, d®_,,/d® )
* The renormalization scheme (vertex-by-vertex argument of o)
* The infrared cutoff contour (hadronization cutoff)
* + Matching prescription and “matching scales”

- / = /
Y Y

Variations =»

Matching to MEs & NrLL?) =

Comprehensive uncertainty estimates

(showers with uncertainty bands)

Reduced Dependence

(systematic reduction of uncertainty)
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Underlying Event: The Interleaved ldea

The new picture: start at the most inclusive level, F28=521.

Add exclusivity progressively by evolving everything downwards.

BSM

Ps dp

N dp

1470 ,,_@
Fixed order int d P dPrsr dPj1
matrix elements [EESEE Iia s ¢ o ki T Z dp . + Z dp . X
a"l’ -
Parton Showers ' _ .
(matched to 5 Loill R e Pli—i ‘IP_” +Z dPrsr +Z dPjr dp’
further Matrix i dp’ dp’, dp’, =
Elements)
multiparton - Underlying Event
PDFs derived s NGl il S - (note: interactions correllated in colour:
from sum rules | S 70701, NS R interleaved - - — - — hadronization not independent)
muilt. int.
;. i £ e ~ “Finegraining”

e - .

_____________ — correlations between
““““ all perturbative activity
at successively smaller scales

“intertwining”?

Beam remnants
Fermi motion / — e e e R
primordial ky

number
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Additional Sources of Particle Production

Qr >> Agep +
ME+ISR/FSR Stuff at
+ perturbative MPI

Need-to-know issues for IR
sensitive quantities (e.g., N,)
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Simulation from
D. B. Leinweber, hep-1at/0004025

gluon action density: 2.4 x 2.4 x 3.6 fm
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Hadronization

The problem:

® Given a set of partons resolved at a scale of ~ | GeV (the shower +

MPI cutoff), need a “mapping” from this set onto a set of on-shell
colour-singlet hadronic states.

® |.e,a fully exclusive fragmentation function defined at Qnad ~ | GeV
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Hadronization

The problem:

® Given a set of partons resolved at a scale of ~ | GeV (the shower +
MPI cutoff), need a “mapping” from this set onto a set of on-shell
colour-singlet hadronic states.

® |.e,a fully exclusive fragmentation function defined at Qnad ~ | GeV

MC models do this in three steps

|.  Map partons onto continuum of highly excited hadronic
states (called ‘strings’ or ‘clusters’)

2. lteratively map strings/clusters onto discrete set of primary
hadrons (string breaks / cluster splittings / cluster decays)

3. Sequential decays into secondary hadrons (e.g.,rho > pi pi,
Lambda > n pi0, pi0 > gamma gamma, ...)
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Hadronization

Map partons onto continuum of highly excited hadronic
states (called ‘strings’ or ‘clusters’)
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From Partons to Strings

V(R)

|
Short Distances ~ pQCD ,-/,1‘/// Long Distances ~ Linear Confinement

(&

0.8
os | Coulomb part
0.4 H .
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0.3 4 B 12 16 20 24
R

F(r)y~const =r~x1GeV/Im <<— V(r)=rkr
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From Partons to Strings

Short Distances ~ pQCD 2__’

Coulomb part

0.4 H
Partons P Y(R) =V, + K R— /R + {/R

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
4 B 12 18 20 24
R

Long Distances ~ Linear Confinement

(&

Strings (Flux Tubes), Hadrons

F(r)y~const =r~x1GeV/Im <<— V(r)=rkr

® Motivates a model:

® Separation of transverse and longitudinal degrees of freedom

® Simple description as |+ dimensional worldsheet — string —

with Lorentz invariant formalism

22



The (Lund) String Model

Map:

g (7b)

* Quarks > String
Endpoints

snapshots of string position

e Gluons > Transverse
Excitations (kinks)

a(r)
* Physics then in terms
of string worldsheet

evolving in spacetime

strings stretched
from q (or qq) endpoint
via a number of gluons
to q (or qq) endpoint

* Probability of string

break constant per unit G (b)

area > AREA LAW : : :
Gluon = kink on string, carrying energy and momentum

Simple space-time picture

Details of string breaks more complicated ...

23



Outlook

Collider Physics is witnessing rapid evolution: NLO, ME
matching, tuning, showers, PDFs, interfaces ...

e Driven by demand of high precision in complex LHC environment
with huge phase space

e Currently heavily based on semi-classical approximations (Leading Order,
Leading Log, Leading Color, ...)

e Sufficient to reach O(10%) precision (with hard work)

Race to Develop a Phenomenology Of Every Thing (POET)

e Matching to LO, NLO, NLL, ... and (reliable) evaluations of
remaining perturbative uncertainties

e Could then extract very high precision from inclusive measurements
with confidence (high-precision frontier)

Then focus on the really hard stuff ...

e For which fundamentally new ideas may be needed



A Quantum Paradigm

VWhatever you do ...
Define it in terms of
Physical Observables

THEN

Extract fundamental
quantities from those
observables

25



