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LO Parton
Shower

What do parton shower event
generabrs do?

¥ An levent" is a list of paticles #pions, proons, ...$
with their momenta.

¥ The MCs generat events.

¥ The probability to generae an e/ent is propoitional
to the #appraimate!$ cross section for such anvent.

¥ Alt ernatively, cross section ould be a veight given

by the program times the probability b generae the
event.




A complete event generator is more than a parton shower...

1. Incoming hadron (gray bubbles)
| Parton distribution function

2. Hard part of the process (_H
| Matrix element calculation at LO,

NLO, ... level

3. Radiation (red graphs
| Parton shower calculation
| Matching to the hard part

4. Underlying event (lue graphs
| Models based on multiple
Interaction

5. Hardonization (green bubblés
| Universal models




LO parton shower

LO Parton
Shower

An iterative algorithm. Arbitrary number of partons.

Based on theuniversal soft and collinear factorization
property of the QCD matrix elements. (Cf. SCET)

Physically reasonable esults for two partons collinear
or one soft, in contrast to a perturbative calculation.

Often uses more approximations.
Only leading or der splitting kernels ar e involved.
If no Omatching,O based or2" 2 tree calculation.




A theoretical approach ©
parton showers

¥ | wil | present a description of #loest
order$ paton showers baed on
factorization.

¥ This is showers & they !lought to be.’

¥ Nagy and | are tiying to build such a
thing, but this Is a work in progress.

¥ At the end, | will describe additional
approximations that are usudly used




Connection to SCET

| The basic idea Is b appraximate the theory for
the case of llinear and/or soft emissions

I We statt with the quantum amplitude.

| We attempt to describe what happens whenav
change the resolution scale.

" We generag cross sections, not just amplitudes.

" We have not used the operair languayje of SCET

" I'n many ways, the approach is nosaophisticaed
as SCET




The matrix element

¥ The basic object is the quantum
matrix element

M ({p,f}m)Sace-St

¥ This Is a function of the
momenta and %aors and carrie:
color and spin indies. Consider
It as a vecor in color and spin
Spae@

'M({p,f}m)




The cross section

The cross section with a mesurement functionF Is
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The density matrix
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Density matrix in statistical
notation

({p.fim),

. # o $ 1o
- {S’C}m !({p1f1SI’C-1S1C}m) {S"C'}m

S,C S! ,C!

' ({p,f,s,c,s,cdm)= {p,f,s,c,s,Cm!
¥ Partons have momenta and %ars.

¥ There are two sets of spin indies and tvp sets of
color indices.

¥'l s the Istat.&&

¥ p.f, s’,c,s, Clm) aredisstaes.




M easurement function

¥ De'ne the measurement function & a bra veair on
the statistical staes,

(F

VT

{p,f,S!,C!,S,C}m) - <{3!7C!}m ‘F({paf}m)‘{sac}m>

hen
== B

¥ Vector corresponding © the unit measurementis 1

1{p,f,5,¢,5,Fm = {stm {stm {clm{dm




Spin

¥ Use ordinary helicity states

U(p,s) | (p,s; Q)
¥ For gluons, de'ne polarization vecors with

Qa(p,sQ) =0
X m+1
Q= Di

1=1




Color basis staes

¥ We use a set of Istring" bsis staes for olor.

¥ With this basis, splitting is simple.

1
-




Color approximations

¥ Implement a largeN¢ appraximation if desired.

An interference diagram,
be de@mposed in bais staes.

The leading ontribution subleading ontribution.
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¥ Take #ful$ splitting amplitude directly from the Feynman
rules,

Vi= ! 1u(Bnr, B+ Q)’
. UpLsdn@! B, + m(f))g HU(B, §)
2pan [(B! Pmea)?! ma(f)]
¥ Here n; is the lightli ke combination of p; and @.




...more on splitting amplitudes

¥ One needs the splitting amplitudesa agree with
QCD In the soft and collinear limits.

¥ Beyond that, there is some chok.
¥ SCET takes simpler appraimations.

¥ Our choice Is © make minimal approaximations.




Soft splitting amplitude

¥ 1n an interferenae graph, gluon emission can oyl
be soft.

¥ This allows a simple eiknal approaimation,

(P +1 , Bm1; Q)" §
P +1 30

soft _
g 591 S




Shower evolution

¥ First approximation is just the
hard interaction.

¥ Softer interactions not resolvec
by iImagined obsevations.

¥ So sofer interactions are
Integratied out.

¥ Then we Increase the
resolution...




Shower time picture

00

<\
R0

W

t = log(Q5/Q°)

=
S
=
S
G
=
O
=
)

¥ Hardest interactions 'rst.
Real time picture

¥ Showers develop In !shower time
¥Eg




The evolution operator

¥ The density matrix evolves in resolution scalé.
¥ Evolution follows a linear operatr

1 (1) = Ut )] (L))

¥ Evolution does not change the cross section

(LUt ) () = @ (L))




Structure of evolution

%U(t,t!) = [H,(t)! V()]U({,t)

H,(t) = splitt ing operator

V(t) = virtual splitting operator




What is H,(t) ?

¥ Direct graphs.

Hi(t) oc vi({ P, m+1, 8n+1 .8, 5) vi{ P,

¥ Assign ®lors acording to the graphs.




¥ Interferenee graphs.

m+1 §m,+1 ) él! Sl) I ék , Sk
- f v o . s
VEOt({ p,ﬂfm&l y dm+]_ y Q! S;)*I §| , S|

¥ Assign olors acording to the graphs.
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(t) = virtual splitting operator

| (t) = splitt ing operator

We can determine V from H; using

0
the color space

(A[Hi() ! V(D)

I X 1IN

In general,) Is a matr




Shower form of evolution

U(ts, t1) = N (ts, ;) +/t3dt2 U(ts, ta) Hi(ts) N (t2, t;)

ty
Here N Is the Sudakov exponernti al,

N (£,t') = Texp{! /td! V(!)}
t!

)

N/ /

In the simplest c&e, the Sudagv factor represents
the probability not to split.




Picture for evolution

Evolution equation

| terative
solution




Status

¥ Nagy and | also subtract somethingrbm the
Sudalov exponent and add it © the splitting

O

¥T

perator in order to simplify the color structure.

nis is the content of JHEP 90 #2007%$ 114.

¥ It gives an inegral equation, not a practical
computer algorithm.

¥ We are working on the practical implementation.




Further approximation: color

The leading ontribution A subleading ontribution.

¥ One can drop rms propotional to 1/NZ .
¥ Then the structure is much simpler:{c}m = {C}n
¥ This Is used in Pythia, Herwig, ....

¥ We dontknow how good this appraximation Is.




spin

, We can &erage over the mother
d sum wer the daugher parton

t paton shower programs

tting

INS an
& 1IN MOS

SN—o_ 7

[

spins
splittings.

parton sp

-
O
G

Q8]
=

S

-

Q.

Q.

qv)

-

D
ol
)

p -

=)
LL

¥ This can change the angular distributions of

¥ Then we donf.have any spin at al

¥ At each spl




Spin averaged splitting

¥ With our de'nition, the spin a veraged splitting
functions depend on a momentumriaction and on
the virtuality of the splitting.

Final state g— q + @

Collinear splitting #A.P$

Very smal virtuality
Smal virtuality
Larger virtuality

splitting function

0.0 0.2 04 06 08 1.0
¥ Parton showers often use theAltarelli(Parisi splitting
function with a cut on momentum fraction.




Spin avreraged soft gluon
Interference

| nterference

factor
y

1 q(t,")
E 1" cos!

I
AN

O

gluon IS Soft gluon is ®llinear The interference facior




Soft gluon interferenae

¥ Contained in showers baed on dipoles."
¥ First of these:Ariadne )L*nnblad+.

¥ Catani(Seymour dipole shoers. )Schumann &
Krauss; DinsdaleTernick, & Weinzierl.+

¥ Final state shover in Pythia.

¥ Also In !dipole antenna" shover )Giele, Kosower
& Skands+.




Angular ordering

¥ The soft gluon interference e,ectively restricts
the angular region for emission of soft gluons.

¥ This Is Implemented in an apprximate way In
Herwig as a onstant interferenae function with a




Matching

— —, — —

Tree 9 ». O Parton Loop
calculation L© Matching o NLO Matclmng alculations

— — — —

¥ One can match the patron shower calculation ©
exact tree level 2- n cross sections for smal
values of n.

¥ One can, with di-culty , also do this with loop
level 2 n peturbative calculations.

¥ | omit discussion of these impotant topics.




Shower family tree

ODramlandO

NLO Parton Shower

Full spin and color coalations

LO Parton Shower
Full spin and color coalations

Leading color shower | | Spin averaged shower
Full spin butno colorcorrelationg | Full color butno spincorrelations

Classical Shower
ORealityO No spin or color coslations

- Herwig , Pythia, Ariadne,
Dipole shower, ...




