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Introduction

m In classical and quantum electrodynamics accelerated charges
radiate.

m Similarly in QCD accelerated colour charges radiate.

m This gives a cascade of quarks and gluons, the parton shower
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A Monte Carlo Event

Hard Process, usually
calculated at leading order
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A Monte Carlo Event

PP

Initial- and final-
state parton shower
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A Monte Carlo Event

PP

Perturbative decays
v, of heavy particles

P, P
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A Monte Carlo Event

Secondary hard
processes

p,;-,-"6
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A Monte Carlo Event

ns

. . Hadro
Hadronization
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Hadrons
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A Monte Carlo Event

Hadrons

Hadron Decays

Hadrons

Hadrons
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Plan

Infrared divergences.
Colinear Emission.
Sudakov Form Factors.

Soft emission and colour coherence.

Heavy quarks.

[
[

[

[

m Initial-State radiation.
[

m Dipole cascades.

[

Intrinsic p;
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Gluon Emission

m Let's start with the simplest possible gluon emission process,
ie. ete” — qgg.

et q et
/Z° v/Z°
g
e~ q e~ q

m The total cross section is

Xl2 —|—x22
(1 — Xl)(]. — Xz)’

olete” — qgg) = UOC,:g—S/dxldxz
T

where x; = 2p;/+/s and ¢ = o(eTe™ — qg).
m Divergent at the edge of phase space as x; > — 1 so that the
total cross section is o = oco!
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Gluon Emission

m Common feature of all perturbative QCD calculations.
m Configurations which are indistinguishable from the
leading-order result are divergent.
m Physically there are two regions where this happens
Colinear limit: x; — 1 at fixed xo or xo — 1 at fixed x;

_5XoX3

2(1 —
2pa-k = > (1—cosfa3) = s(1—x1) = (1—cosby3) = 2 =x) —

X2X3

B Soft limit: x5 — 1 at fixed {=2

Loy 5

i—X3:

> 2(1—X1+1—X2)—>0.

m Both universal features of QCD matrix elements.
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Colinear Limit

m If we take k parallel to py (623 = 0) we can define
pp=(1-2)p2,  k=zP,  with p3 =0
m In this limit the matrix element factorizes

2 1 1— 2
& . +(1-2)"
p2 - k z

2 2
| Maggl™ = [Mggl” x
m As does the phase space

1
dxpdxpy — Zz(l — z)dzd63;.
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Colinear Limit

m Putting this together

= dzC _
7 Uo/ 02, T 2

m The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi splitting
function is a universal probability distribution for the radiation
of a colinear gluon in any process producing a quark.

m Exactly same form for anything proportional to 62, e.g.

m transverse momentum k? = z2(1 — z)26?;
m invariant mass ¢ = z(1 — z)6?E2.
such that
d6? B dk? B dq?

2 2 T2
0 kT q
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Parton Shower

m The simulation of QCD radiation is
based this factorization, i.e
dé?  as
dO',H_]_ = dO'ne—deng,‘(Z)
where the splitting function only
depends on the spin and flavour of
the partons.
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Splitting Functions

11—z
z
14 22
Pg—qg(2) = C¢ 1—
1- 2
1+(1-2z)2
Pg—gq(2) = CFf

mﬁéééglz
11—z z
+

Pgg(2) = Ca [ +z(1- z)}

11—z

1—2
*rmm\<
z

Pg—qa(z) = Tr [22 +(1- 2)2}
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Parton Shower

m This expression is singular as § — 0.

m What is a parton? (or what is the difference between a
colinear pair and a parton).

m Introduce a resolution criterion, e.g. k; > Q.
m Combine the virtual corrections and unresolvable emission

Resolvable Emission
Finite

Unresolvable Emission
& Finite

m Unitarity: Unresolved + Resolved =1
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Sudakov Form Factor

m We can then exponentiate the real emission piece

P(unresolved) = 1— P(resolved),
2
@ k2 -
= 1- " 4228
e / 227r P(2),

Q3

Qde2 -
= exp —/(’2?/0_82 dz—()

q
m The Sudakov form factor which is the probability of evolving
between two scales and emitting no radiation.

m More strictly it is the probability of evolving from a high scale
to the cut-off with no resolvable emission.

Peter Richardson Intro to MC Event Generation L2: Parton Showers



Intro to MC Event Generation L2: Parton Showers

L Parton Showers

Sudakov Form Factor

m More formally, the probability of emission between dg? and
g> +dg?is
2
dq2 l—q—g as
q
m We can then write a differential equation for the evolution of
the probability of no-emission between Q? and g2, A(Q?, ¢?)
2 2 2 1—Q—§
dA@% ) _da” [T g as
NEA ¢ Jg “om

q

dA(@, ¢%) = A(@, ¢*)dP =
giving
@ 42 3
dk q Qs
2 2y _
M@ =ew (= [ G5 [o 7 dz52PE)
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Numerical Procedure

Radioactive Decay

m  Start with an isotope.

m Work out when it decays by generating a random

number R3[0, 1] and solving

t
R = exp [77] s
-

where 7 is its lifetime.

m Generate another random number and use the

branching ratios to find the decay mode.

m  Generate the decay using the masses of the decay

products and phase space.

m  Repeat the process for any unstable decay
products.

m This algorithm is actually used in Monte Carlo

event generators to simulate particle decays.

Parton Shower

Start with a parton at a high virtuality, Q, typical
of the hard collision.

Work out the scale of the next branching by
generating a random number R3[0, 1] and
solving

2 2
R =A(Q%, q%),
where q is the scale of the next branching.
If there's no solution for g > Qp then stop.
Otherwise workout the type of branching.

Generate the momenta of the decay products
using the splitting functions.

Repeat the process for the partons produced in
the branching.
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Veto Algorithm

m Usually we cannot easily solve A(Q?,¢%) =R

m Instead we start by picking an overestimate Pgye;(z) > P(2)
which is easily invertible, i.e. we can calculate
= [ Poyer(z)dz and H™ L(2).

] Also overestimate of the integration region z>%" < z.,;, and

mll'l
over
ZW > Zmax, and the maX|mum value of ag,

aZ* > as(pi(q®,2)) ¥V z, 4>
[ We now have an overestimate of the integrand of the Sudakov
form factor, i.e.

over

1 Zmax as 1 max aover
2 as 2 5
FR) = / 1255Pe) + 6(K) = 3 / 125 ()

min Zmin
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Veto Algorithm

m We can solve this to get a first trial value of g2

ver

dk2 Zax over In R
IR = — / 2 Poer(z) = ¢ = Q%exp | o=
7 e Loz dz=5—Poyer(2)

min

m However we cannot do simple accept/reject
m Instead generate a value of z using

z = H7 [H(Z0) + R(H(zi) — H(zmi)]

m We reject the emission if z is outside the true limits or with

probability
F@) _ 8P
G(®)  B_Pu(z)

if z is inside the true limits but if the try is rejected start
again with Q% = ¢° and generate another try.
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Veto Algorithm

If we define P,(g?) to be probability we accept g° after rejecting n
attempts then the probability of generating g% is > oC , Pu(t),

where
2y _ 2y A over 2\ F(d?) _ pover(n2 2 2
Po(q°) = G(q7)A™ (@, q )G(q2) A%(Q%,9%)F(q%)
Q@ 2 2
Pid) = | | dd76(a%)A7 (@2 q?) [1— ZEZ;] c<q2>mer<qf2,qz>g§32§
QZ
F( oner /2 dq/2 _F(q/Q))

1 < "
Pn(q”) = —F(a*)A™ (@ ¢%) V dg” (G(q”) - F(q’2))]
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Veto Algorithm

m Summing
QZ
an _ oner [/ dq/2 _ F(q/2))‘|
q

Q2
/ dg” (G(q”) — F(¢"?))
P
Q2

= F(q%) exp [— /2 dq?6(q?)

_ F(qZ)oner(Q2’ q2)

= F(q )oner ) exp

exp

as required.
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Monte Carlo Procedure

The key difference between the different Monte Carlo simulations
is in the choice of the evolution variable.
m Evolution Scale
m Virtuality, ¢°
m Transverse Momentum, k|
m Angle, ¢
m Energy fraction, z

m Energy fraction
m Light-cone momentum fraction
" ...

Are all the same in the colinear limit.
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Soft Emission

m We have only considered
colinear emission. What
about soft emission?

m Soft gluons come from all
over the event.

m There is quantum
interference

m Does this spoil the parton
shower picture?
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Soft Limit

m In the limit that E; — 0 the matrix element for the
eTe™ — gg factorizes

p1 |2
Mazg = Mqagst,i <m — - k> ~ea(k).

m Called the Eikonal Current.
m The matrix element squared therefore factorizes in this case

2p1 - p2

2 2,2
ggl” = 3 C .
Mgl [(Maal s Fp1 “kpp - k

m In this case the phase space is

2
dxidxy — < EgdEgd cosf.
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Soft Limit

m So in the soft limit

E, 2(1 — 0
a:ao/CF%d—gdcosﬁ (1 — cos0qq)
2w Eg

(1 —cosfgg)(1 — cosbgg)

Gives the Dipole Radiation pattern.

Universal probability distribution to emit a soft gluon from
any colour-connected pair of partons.

m Only universal at the amplitude level
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Angular Ordering

m In the soft limit the matrix element
factorizes but at the amplitude level.

m The remarkable result is that if we
take the large number of colours limit
much of the interference is destructive.

m In particular if we consider the colour
flow in an event.

m QCD radiation only occurs in a cone
up to the direction of the colour
partner.

m The best choice of evolution variable is
therefore an angular one
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Colour Coherence

B A

m Wide angle soft gluons cannot resolve the difference between
a gluon and "colinear” quark and gluon with the same
quantum numbers.

m Called Colour Coherence

m Angular ordering is one way of including this physics, but
there are others.
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Accuracy of Parton Shower simulations

m Formally the parton shower is accurate to leading log.

Q2
A(Q2,Q§)mexp[ CF—In < >]
Q3

m However Monte Carlo simulations include a number of
subleading effects.

m The most important is the conservation of energy and
momentum.

m Others include the choice of the scale for as.
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Running Coupling

m Some of the higher order effects are included by

replacing as — as(k?)
m Gives more emission as k% — Qg. The phase space fills with
soft gluons.

m Must avoid the Landau pole K2 >> A? so that Q3 becomes a
physical parameter.
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LEP Event Shapes

3
?10 T
) OPAL
3
5
2 197 GeV (x27)
§ 177 GeV (x9)
4 £ 133Gev (<3) |
10 + 91Gev
Out-of-plane pr in GeV w.r.t. sphericity axes (charged)
e 102
<
5 10t
10 )
<
=
. —— PYTHIA
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[ =
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LEP Jet Resolution

Durham jet resolution 3 — 2 (Ecys = 91.2 GeV)
Fr T T I

Durham jet resolution 5 — 4 (Ecys = 91.2 GeV)

=)
i

1/0 do/dIn(yzs)

5]

—— ALEPH
—— Pythia 8.145
——— Sherpa 1.2.3
-~ - Herwig++ 2.5.0

—— ALEPH o
—— Pythia 8.145
~ Sherpa 1.2.3
- - Herwig++ 2.5.0

10 ?

14 H

12 H

E

EQ

0.8

E J = £
N I NN NN B BN N P PR = R Ll = U D N U Y U I
1 2 3 4 5 6 7 8 9 10 4 5 6 7 8 9 10

—In(yas) —In(yss)
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Jet Shapes

< 10 T T o 10g T T T T 3
< anti-k, jets R = 0.6 s YT e DatafLdt=07nb*-3pb? J
: e 40 GeV < p <60 GeV ] r —— PYTHIA-Perugia2010 ]
L ——— lyl<28 () ] L HERWIG++
P, e ALPGEN
1= -~~~ PYTHIA-MCO09 =
E ATLAS 3
L ATLAS L - 4
L 4 L anti-k jets R=0.6 R
s | 500Gev<p <600 Gev
10t W05 y)<2s
= = 4
g 12 i ¢ 14
0.1 0.2 0.3 0.1 0.2 0.3 X
r
Phys. Rev. D83 052003 ATLAS (2011)
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Hadron—Hadron Simulations

m In order to simulate hadron collisions we also need to simulate
initial-state radiation.

m In principle this is similar to final-state radiation, but in
practice there is a complication.

m For final-state radiation: One end of the evolution fixed, the
scale of the hard collision.

m For initial-state radiation: Both ends of the evolution fixed,
the hard collision and the incoming hadron.

m Use a different approach based on the evolution equations.
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Initial-State Radiation

There are two options for the initial-state shower:
m Forward Evolution

m Start at the hadron with the distribution of partons given by
the PDF.

m Use the parton shower to evolve to the hard collision.

m Reproduces the PDF by a Monte Carlo procedure.

m Unlikely to give an interesting event at the end, so highly
inefficient.

m Backward Evolution

m Start at the hard collision and evolve backwards to the proton
guided by the PDF.

m Much more efficient in practice.
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Initial-State Radiation

m The evolution equation for the PDF can be written as

dfp(x, Q%) Ydz . /x 5\ as _ Q?
tT = Za:/x ?fa (;, Q ) gPa_mc(z) where t=1n A2

or
dfy(x, Q%) dt dz X'f ( 2) as
W N Z/ z be X, Q2) _’Da—>bc(2) where x' =2

m This can be written as a Sudakov form-factor for evolving
backwards in time, i.e from the hard collision at high Q? to
lower with

AZQXP( Z/ dzzxx';bxo2))%’°a*‘”(z))'
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Backward Evolution

m The evolution equations give

the PDFs at (x, Q%) as a
function of those at
(> x,< @?)

m Backward evolution starts
from the hard scattering at
(x, Q%) and work | g° and
1 x towards the incoming
hadron.

Peter Richardson

Q2

Intro to MC Event Generation L2: Parton Showers



Intro to MC Event Generation L2: Parton Showers

L Parton Showers

Hadron Collisions

m The hard scattering sets up the initial conditions for the
parton shower.

m Colour coherence is important here too.

m Each parton can only emit in a cone stretching to its colour
partner.

oA et

m Essential to fit the Tevatron data.
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Colour Coherence

(o) (b)
m Distributions of the ool - TEME |-
* DATA  DATA
pseudorapidity of the third N ' UL
. ool L
Jet. ’0“4‘
. . © o002 R Mo "6
m At the time only described H LONE ‘,
by HERWIG which has 50 E— s
complete treatment of A e - PYHAS
E * DATA  DATA
colour coherence. . KD +
. L S H RN
m PYTHIA+ had partial. “o o
oot ot O ‘.
m Modern generators now all : - g
include coherence in some B R B R
manner.

PRD50, 5562, CDF (1994)
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Colour Coherence

Pseudorapidity, 1, of 3rd jet

Pseudorapidity, 1, of 3rd jet

P G Fr T T T T T T T T
z 1z + =
E = q
= = |
2 S B
= 3= i
E —e— CDF -
—e— CDF data | —— Pythia 8.145 |
—— With angular veto | — —— Sherpa i
— —— No angular veto i ----- Herwig++ 2.5.0
=
2 1
o 3
- =
e
T IR IR IR PR Bkl il = e b b L L

-2 -1 0 1

2 3 4

-2 -1 0 1 2 3

3

PRD50, 5562, CDF (1994)
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Colour Coherence

T T T T T T T T
009 CMS Preliminary L = 36 pb?  \s=7TeV f CMS Preliminary L= 36pb™  \s=7Tev

I, <08 I o08<phj<25

/N dN/dp

-~ Pythia 22 - Pythiat 22
003F PGB A Pythiag 4C E
. - Herwi - Herwi
L adathoh s pyihias DeT T et s Pythlaﬁ D6T
0.02f —e— Unfolded Data T+ —e— Unfolded D:
Systematic Uncertainty ) ) Systematic Uhcertainty )
I I 1 | 1 T S B N
T T T T T R o N RARA RS
L4 CMSPrelminary L= 36p0° \E=7Tev L CMS Preliminary L= 36p0° NS =7Tev
In) <08 08<pn)<25
13 + El
&
©
[a)
=
g
o8- Pythia6 Tune 22 Tl e Pythia6 Tune 22 E
Pyihia Tune 4C vt e Pythias Tune 4C
0.7 = o= = Herwig++ Tune 23 + =+ = Herwig++ Tune 2.3
Madgraph + Pythia Tune D6T - - - Madgraph + Pythiat Tune DET
0.6 —— Statistical Uncertainty ES —— Statistical Uncertainty E|
: Systematic Uncertainty Systematic Uncertainty
L L L L L T S I R S N E|
05 1 15 2 25 3 05 1 15 2 25 3

B

CMS-PAS-SMP-12-010 CMS (2013)
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Hadronic Event Shapes

m In hadron collisions we can't use the same event shapes as
et e~ collisions due to radiation along the beam direction.

m There are however a range of event shapes using transverse
quantities, for example

1B - B
T1c=1—max —Z’ PL T|.
hr diPLi
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Hadronic Event Shapes

L L B B OSFT TTT T[T T I T[T T T[T T [TTTT[TTH
L 90 GeVic < p, <125 GeVic 4 [ 90 GeVic<p, <125 GeVic ]
020 anti-k,, R=0.5, p,> 30 GeV/c 7 [ anti-k,, R=0.5, p >30 GeVic ]
[ — Pythiab ] 04 __ pythias 7
b Pythia8 4 o Lo Pythia8 ]
P—I 015~ oo Herwig++ ! £ [ Herwig++ ]
c L - MadGraph+Pythiaé ] = 03[~ -~ MadGraph+Pythia6 N
§ -+ Alpgen+Pythia6 Bl % L - Alpgen+Pythiaé 1
b4 010; * Data H | E [« Data H ]
S E A
L B © 0.2

~|Z 3 1 -2 C ]
0.05~ B oal 1
r CMs 1 L CMs ]
[ - \s=7TeV,L=32pb' 1 - \s=7TeV,L=32pb' ]

0.00 NI | LT O_U\‘\\\\‘\\\\‘\\\\\\\\\\\\\\‘\\

-2 -10 -8 -6 -4 -2 -6 -5 -4 -3 -2 -1
Int 1 InToe

CMS Phys. Lett. B699 (2011) 48-67

ter Richardson Intro to MC Event Generation Parton Showers




Intro to MC Event Generation L2: Parton Showers

L Parton Showers

Heavy Quarks

m The colinear singularity is regulated
by the quark mass.

2pr -k = 2Eg(E4 — |pq| cosba3)

30| Massless

— 2E,|p(

=

m Taking the azimuthal average of the
soft radiation function gives a
smooth suppression of radiation as

15|

& — 0 starting from 0 ~ E. s
m Historically implemented as a VA —
cut-off.
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Heavy Quarks

m Better treatment involves the use of the quasi-colinear
splitting functions cateni etal Phys Lett. B500 149-160 (2001)

2
4P = 5 P )
where
Pe—zg = liAz {1 +2° - 2(:2:z,lg§:| » Pa—ae = 1252 [Z_ (22__237,’%5:| :

m Gives a smooth suppression as § — 0.
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Heavy Quarks

m Only exact for either:

m soft emission Eglyon — 0;
m radiation from scalars.

m In general the radiation
depends on:
m Gluon energy;
m spins of radiating particles
and colour partner;
m colours of the particles;

angle (degrees)

i.e. process-dependent mass

COI’reCtionS. Nucl.Phys. B603 297-342 Norrbin & Sjostrand (2001)
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Jet Shapes for bottom quark jets

A [ T T T T T T T ] A 18 = T T T T T T T b=

12 ATLAS (5-7Tev ILm=1.afb" ] Srof ATLAS (5-7Tev JLdr:Lbe,‘ E

vor 1 v B 1

107 b-jets ] 14 b-jets —

W3 Data (stat @ sys) ] % 3R Data (stat @ sys) ]

87.4 --® - MC@NLO+Herwig 12 §:\\\ --® - MC@NLO+Herwig

N N PowHeg+Pythia ] 10 £ PowHeg+Pythia E

C 3\$ light jets ] E light jets 3

6 %/ R 44444 Data (stat @ sys) ] = 4% Data (stat @ sys) -

N AL —— MC@NLO+Herwig | o~k —4&— MC@NLO+Herwig

4 —4— PowHeg+Pythia - = ——A— PowHeg+Pythia B

[ L e N ] k= 3

L 40 GeV <p._ <50 GeV + Bl

2 = T - SN 100 GeV <p, <150 GeV 3
D; I I I I I 7

PowHeg/Data MC@NLO/Data

PowHeg/Data MC@NLO/Data

= Ol

0 005 01 015 02 025 03 0.35 4 005 01 015 02 025 03 035 04
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b-fragmentation function

b quark fragmentation function f(z3%k)
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The Colour Dipole Model

m Conventional parton showers: start from colinear limit, modify
to incorporate soft gluon coherence
m Colour Dipole Model: start from soft limit Emission of soft
gluons from colour-anticolour dipole universal (and classical):
2

do ~ 0‘0—CA

d
24 2 R

where y = is the rapidity of the emitted particle.
m After emitting a gluon, colour dipole is split:
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The Colour Dipole Model

Subsequent dipoles continue to split.

Conventional parton-showers 1 — 2 parton splittings.
CDM one dipole to two dipoles, 2 — 3 partons.

Problems with the treatment of initial=-state radiation.
The hadronic remnant forms a dipole with scattered quark.

But as the remnant is an extended object there is a
suppression.
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Dipole Cascades

m Most new shower algorithms are based on a dipole picture.

m However most split the dipole into two pieces, one for
radiation from each of the partons forming it, as in
Catani-Seymour subtraction.

m The partner is used to absorb recoil and define the radiation
pattern.

Dipole Vinica, ARIADNE
Split PYTHIA6.3, PYTHIAS8, Sherpa and Herwig++ dipole showers

Peter Richardson Intro to MC Event Generation L2: Parton Showers



Intro to MC Event Generation L2: Parton Showers

L Parton Showers

Primordial p|

m The partons inside the proton have
some motion with p; ~ ﬁ

m Intrinsic p, is essential to describe the
low p; behaviour of Drell-Yan.

m Particularly important at the Tevatron
as no perturbative radiation in some
events.

m Less important at the LHC, pp and
higher energy.
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Primordial p|

pi(Z)in Z — ete” events
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Older Programs

m PYTHIA 6: two showers

q®> ordering with veto of non-ordered final state emission and

partial implementation of angular ordering in initial state;
p1 -ordered parton showers, interleaved with multi-parton
interactions and dipole-style recoil.
Matrix element for first emission in many processes and a
large range of hard processes.

m HERWIG6: complete implementation of colour coherence;
NLO evolution for large x; smaller range of hard processes.

m ARIADNE: complete implementation of colour dipole model;
best fit to HERA data; interfaced to PYTHIA for hard
processes.
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Modern Programs

m PYTHIAS: new program with many of the same features as
PYTHIAG6, many obsolete features removed.

m SHERPA: new program built from scratch; either older g or
newer p,-ordered dipole showers; multi-jet matching scheme
(CKKW) and NLO built in.

m Herwig++: new program with similar parton shower to
HERWIG (angular ordered) plus quasi-colinear limit and recoil
strategy based on colour flow; spin correlations.
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Summary

Accelerated colour charges radiate gluons.

As the gluon is also coloured this leads to a cascade of gluons.

Modern parton shower algorithms are sophisticated
implementations of perturbative QCD.

m Allows us to evolve from the scale of the hard collision to the
hadronization scale.

m However we then need non-perturbative hadronization models.

Peter Richardson Intro to MC Event Generation L2: Parton Showers



	Parton Showers

