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1. What and why matching
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(N+1)-th Jet can come from parton shower,
can also from ME parton

LHC collision: QCD machine

Factorization Theorem:
Separate Short Distance
Physics from Soft one

Hard Scattering:
LO, NLO, NNLO QCD,
QED..

ISR, FSR Parton
Shower:

Pythia6/8, Herwig(++),
Sherpa Dipole Shower

”‘\ rw)}j/
f.f r'<1 }:?ﬁr . - .
Mu:‘ripfe fnre’racnon String MOdeI;

Color Cluster

Parton Shower: capture the leading singularities, have a good description
of an arbitrary numbers of emission
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Exp. Wants Events!

Exclusive observables not
described well in PQCD

e.g.

NLO V: divergence at low PT_V
NLO V+J: 2n Jet? Unwgt Eff?

Parton Shower

although approximation (~LL),
work well in collinear and soft
region; LHE events

Let’s Combine them!
Be careful of: Double counting,
matching scale dependence



What and why matching

1. ME-PS Matching (Shape)
e.g. Eur.Phys.J.C53:473,2008

CKKW
MLM

2. NLO PS Matching
(Shape & Normalization)

MC@NLO e.g. hep-ph/0204244
POWHEG e.g. arXiv:0709.2092
3. Multi-leg Multi-Loop Matching:
(Shape & Normalization)

Merging  e.g. arXiv:1311.3634

Not meant to be exhaustive, see more
In arXiv:1203.6803

QCD Matrix Elements 4+ Parton Showers

S. Catani®*, F. Krauss’, R. Kuhn®? and B.R. Webber”

arXiv:hep-ph/0109231

ABsTRACT: We propose a method for combmmg QCD matrix elements and parton

showers m Monte Carlo simulations of hadronic final states m ¢ "¢~ anmhilation. The

matrix element and parton shower domams are separated at some value 1; of the jet

resolution, defined according to the kp-clustermg algorithm. The matrix elements

are modified by Sudakov form factors and the parton showers are subjected to a veto

procedure to cancel dependence on gy to next-to-leading logarithmic accuracy. The
method provides a leadmg-order description of hard multi-jet configurations together

with jet fragmentation, while avoiding the most serious problems of double counting.

We present first results of an approximate implementation using the event generator
APACIC+t.

Sudakov

Veto
Double counting



http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/hep-ph/0109231

ME-PS Matching@LHC

Measurement of the production cross section for W-bosons in association with jets
in pp collisions at /s = 7 TeV with the ATLAS detector

The ATLAS Collaboration
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Also shown in Figures 3, 4, and 5 are particle-level ex-
pectations from PYTHIA, ALPGEN and SHERPA sim-
ulations as well as a caleulation using MCFM v5.8 [35].
PYTHIA is LO, while ALPGEN and SHERPA match higher
multiplicity matrix elements to a leading-logarithmic par- arXiv:1012.5382
ton shower; these predictions have been normalised to the
NNLO inclusive W production eross section. The version

Inclusive Jet Multiplicity, N,



ME-PS Matching@LHC

Rapidity distributions in exclusive Z + jet and 7 + jet events
in pp collisions at /s = 7 TeV

arXiv:1310.3082
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NLO PS Matching@LHC

1. Matching NLO QCD computations with Parton Shower simulations: the POWHEG method
Stefano Frixione (INFN, Genoa), Paclo Nason (INFN, Milan Bicocca), Carlo Oleari (INFN, Milan Bicocca & Milan Bicocca U.). Sep 2007. 91 pp.
Published in JHEP 0711 (2007) 070
BICOCCA-FT-07-9, GEF-TH-21-2007
DOI: 10.1088/1126-6708/2007/11/070
e-Print: arXiv:0709.2092 [hep-ph] | PBDE

References | BibTeX | LaTeX(US) | LaTeX(EU} | Harvmac | EndNote
ADS Abstract Service; JHEP Electronic Journal Server

ERIEE - Cited by 733 records

2. Matching NLO QCD and parton showers in heavy flavor production
Stefano Frixione (INFN, Genoa), Paoclo Nason (INFN, Milan), Bryan R. Webber (CERN & Cambridge U.). May 2003. 70 pp.
Published in JHEP 0308 (2003) 007
BICOCCA-FT-03-11, CAVENDISH-HEP-03-03, CERN-TH-2003-102, GEF-TH-5-2003
DOI: 10.1088/1126-6708/2003/08/007
e-Print: hep-ph/0305252 | PDE
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3. Matching NLO QCD computations and parton shower simulations
Stefano Frixione (Annecy, LAPP), Bryan R. Webber (Cambridge U.). Apr 2002. 69 pp.
Published in JHEP 0206 (2002) 029
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NLO PS Matching@LHC B

aMC@NLO Used in our recent analysis CMS-PAS-SMP-12-006
WWy+WZy —lvjjy for full Sim and K factors
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PKU CMS group is now involved and leading many Triple Gauge Boson

measurement: WWW, WZA, and EWK WA+2J, ZA+2J....
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Multi—leg Matrix Element Matching

in 1 Page

Parton Leve! Everits
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T,

Showered events Clustered



Higgs Pair Production: Improved Description by Matrix Element Matching

Qiang Li,' Qi-Shu Yan.? and Xiaoran Zhao?

Phys. Rev. D 89, 033015 (2014) gg— HH+0,1Jet matching with Pythia6
Accurate Exclusive Simulation for gg->HH

| | | | I I [I-]EF“IT wilth. |:|:|.:I:-:I:I|i|:|g |I_;_|
gF — Bh+FYE —ae—
Loop with matching F---- ==
g gg — hh + 1 parton
Ay L
= 0.1 e _*_EE-_E— 1
!:j - f
T
=
>
=
T
001 |
1 L ' 1 L L . . | \ \ , . ! . . . |
0 a0 100 150 200



2. A bit about Parton Shower
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A bit about Parton Shower

Collinear factorization

L i

g — 0

Cross section factorization in the collinear limit (universal !I):

(Mo dPns = |Ma|’dd, ﬁd 96 o ~—Passbe(2).
2"1' 2.%

dr dc;': s
2 5

s2lPddni = M, P, Tdz S8 2P, (2)

dt’ ,d:z:r 0¥s p

d P—}. E "

;9 o 2; o (z)

» t can be called the "evolution variable” (will become clearer later): it can be the
virtuality m® of particle a (i.e. p3), its pL or t = EZ6° ...

in the collinear limit one has m* = z(1 — 2)#°EZ, p7 = zm”



Leading Log Approximation

Ttk X '-TS

"Jdr /
{? E-'.f'

(k—=2)

dek—1) TR
U o (22) o)

do 1
>
dgtdy — qF

where L = In(Q?/q%)

» Resummation:

do
qudy q7

0373 =al(L+1)...

Zn_l_]_/Zn — (kg

[ as(L+1)

+a2(P4+ 12+ L+1)
Fad(P+ P4 P+ 124 L+1)+ ...

p [m 7y + 07y +adZ;3+ ]

asly = ag(L+ 1)+ (1-3(1_3 + f_g) + c"rz’(f_E + f_4) +
027y = {'12(1'_ F1) 4 ad(P+12)+ ..

QCD: 0.12*Ln((10/100)"2)~50%,

QED: 1/137*Ln((1/100)*2)~10%
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A bit about Parton Shower

Differential probability for the branching a —+ bc between scales t and t 4+ dt knowing
that no emission occurred before:

Z dt / dmﬁ (2)
2T 2T a—}bc .

Probability that particle a does not emit between scales Q* and t:

ﬁ(QE,f)—H {1—2%‘[ d@ &5 a—wc(f)]
o 5[ H e o] e [_ [ )

» A(Q%,t) is the Sudakov form factor.
» Property: A(A, B)=A(A, C)A(C,B).




i 1- \/-r 1z o
AR, (1) = exp / : s (21— 2)°t) Pya(=)

Quark Sudakov, Qg = /Ty = 10 GeV

1 __,_h__ Herwie —— 1
' s e NLE -

NLL-Appro. e
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<]
0.1 N——— e e
100 1000 10000
Q (GeV)
dt’ 1— V/T 1=
ANLL () = exp { / {2 gt jpba{,?}}
Atn i
|
2(_1_1:' {Lg((j) (

Q .-
Ag_pe(C)) = exp {—/ dqla—pe(q, (3)} Fg—ge =

Q1=2\To




A bit about Parton Shower

Cross section for 0 or 1 emissions from leg a in the parton shower:

97 _ AQ% @3) + A(Q% Q) Zdzdfdms

-'D.;l—,'r c .
a:r” 2m 2w b (z)

Expand at first order in as:

Q* dt dcs:r (Vs dt do s
. 1—2[ e g oelE) D A g Poeel2)

» Same structure of the two latter terms, with opposite signs: cancellation of

divergences between the approximate virtual and approximate real emission cross
sections.




|Subt|e choices affecting NLL

Soft singularities

Pyas(2) = Ce X2 and Py g (2) = Ca (2 + 555 +2(1 - 2))
are singular when z — 1 (z — 0).

Different choices of the ordering variables give sizeable difference in double log
structure.

e zF virtuality : = Egz{l - 3)92

2 pr  t=E*2*(1-2)%0
> _

(1—z)E angle : t= E*#?

Mueller(1981) shows that angular ordering is the correct choice to take account for
color coherence J

Furthermore, as = as(p7 ) for correctly take into account renormalization in soft and
collinear regions.

Simane Alioli {INFN & Mi-Bicocca University) Granada 187027 2009 16746
22



A bit about Parton Shower

Implementation

» Extract the evolution variable t of the branching
by solving the equation A(Q*.t) = Ry, with Ry 1+
a flat random number between 0 and 1.
This correctly reproduces the probability Hyp----m-—-
distribution since the probability of extracting a
splitting scale t between t; and t; is

A(Q% t2) — A(Q%, ). 3

Ri(z)

RZ';:-::I

0

1

» Extract ¢ (flat).
» Reiterate (updating the maximum scale for the Sudakov) until all the "external’
partons are characterized by a scale smaller than a threshold QF ~ 1 GeV.

AL(QF 1)

|
|
|
|
t

» Extract the energy sharing z and the daughter
identities b and ¢ according to P pc(2).
For two possible branchings Pi(z) and P2(z) one
can call Ri(z) = Pi(z)/(P1(z) + P2(z)), and
choose z and parton identities by extracting a
random point in the plane.

» Put partons on shell and hadronize.




A bit about Parton Shower

Main Monte Carlos available on the market: HERWIG

All HERWIG versions (Fortran and C4++) implement the angular-ordering: subsequent
emissions are characterized by smaller and smaller angles.

» HERWIG 6: t = 2% ~ 1 — cosé#.

EbEC

» Herwig++: = ;5%—'_—"57 = t(h).

Implementing angular ordering, the parton shower (without matrix element corrections)
cannot populate the full phase space (without matrix element corrections): empty regions
of the phase space, called "dead zones”, will arise.

Note. It may seem that the presence of dead zones is a weakness, but it is not so: they
implement correctly the collinear approximation, in the sense that they constrain the
shower to live uniquely in the region where it is reliable.

» Hadronization: cluster model.



A bit about Parton Shower

Main Monte Carlos available on the market: PYTHIA

Choice of evolution variables for Fortran and C4+4 versions:
» PYTHIA 6:  t=(ps+pc)* ~ z(1 —z)0°E;.

» Pythia 8: t=(ps)i.

Simpler variables, but decreasing angles not guaranteed: PYTHIA has to reject the
events that don't respect the angular ordering (though this is not completely equivalent
to ordering in angle).

Not implementing directly angular ordering, the phase space can be filled entirely, even
without matrix element corrections, so one can have the so called " power shower” (use
with a certain care).

» Hadronization: string model.

Note. Usually PYTHIA is faster than HERWIG.



3. NLO Parton Shower Matching
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MC@NLO

Naive matching at the NLO

Naive matching definition

UM _ [ (B + V)] 2(0) + [dbedy R] 157(O)

This simple approach does NOT work:

» Instability: weights associated to fﬁ:}(D} and I,EEH}'(O) are separately divergent.
Remember from the KLN theorem that only the sum of V and [ d® )R is finite,

so it is hopeless to treat n- body and n+ 1-body configurations separately.
One could regulate the divergence by means of some cut-off but then

» one should prove the independence upon this cutoff,
» the unweighting of real-like configurations would be highly inefficient (hard to extract

events from a singular function).

» Double counting: this doceno', expanded at the NLO does not coincide with the

NLO differential rate.

One must indeed avoid overcounting the exact virtual with the approximated
contribution from the Sudakov, otherwise some Born-like configurations, to be
passed to the shower are spurious (not there in the exact NLO computation). Some
configurations are thus accounted for by both the parton shower and the NLO.




MC@NLO

Modified subtraction
Modify the naive formula:

dowcenLo

S = {dd}B(B +V+ / d¢[+1]fw'£.“)] IN2(0) + [dPgdd(i1y (R—MC)] I (0),

as opposed to the naive

dae \ ) ”
% = [dbs(B + V)] I%2(0) + [dbsdd iy R] K™ (O).
The term MC is called the Monte Carlo counterterm, and its rough structure is
- ‘-_.}(EMC!ZML:!@}) 1 ae 1 .
V= ‘ P41 tMC 29 27 P(z™)B.

» |t is the cross section for the first emission in the parton shower: it is the Born
matrix-element squared times the differential emission probability in a given point of
the extra-parton phase space.

» |t has the same collinear and soft singularities as the real and virtual emission

amplitudes squared, so it acts as a local counterterm for them (subtlety on soft
poles, see below).

» |t is basically process independent.

» |t essentially depends on the Monte Carlo one is interfacing to.



MC@NLO

Properties
Avoiding of double counting:

d - n - n
% = [dth(B +V 4+ / dd 1y MC )] We(0) + [dgdd i1y (R—MC)] hye™(0)
where, recalling slides 48 and 50, and using a simple notation for the Sudakov form factor

A, we have
MC

K2(0)do = A + A dbyy—p + .-

MC
ﬂ. — E}{p (—/d¢[+1] ?) a

Expand at the NLO (recall that MC, R and V' have one as more than B):

k MC MC
. MC MC
dJMC@NLG — [d¢5{8—|— V —|—\/d¢'(+1]f'|,‘“: )] [1 —fd¢(+1)? —|— d¢(+1) B —|—

+  [dbedd gy (R—MC)] 1+ ..]

= dog(B+V +d¥1) R) = dowo



MC@NLO

Properties

d R o
gt = [0a(B+ v + [ d0 O] 2(0) + [d0ad0) (RO K2 (0)
Smooth matching:

» In the soft / collinear region R — MC ~ 0 and one gets

dTmceno X !",qul (0)dO.

The shape of the spectrum is identical to the underlying Monte Carlo, while the
normalization in that region takes into account real and virtual emission, at variance
with the pure parton shower. This is a way to include all the aspects of an NLO
computation consistently in a parton shower.

» In the hard region, pure shower effects are suppressed (recall that matrix element
corrections are excluded, so the maximum scale imposed on the shower implies MC
to be zero far from the singular boundaries): MC ~ 0, I$7(0)d0O ~ 1, B =V =0,
and then

dgMC@NLO et d¢5d¢[+1] R

Normalization:
» Based on the unitarity property of the parton shower

\/I@il(O)dozl — /dUMC@NLG :]dJNLD-



MC@NLO

Implementation

% = [dfbg(B +V+ f dd:[ﬂ]rm:?)] K2(0) + [dbedd iqy (R—MCO)] Ihe™(0)

Integrands associated with n- and n 4 1- parton multiplicities are called S (for "standard
Monte Carlo™) and H (for " hard™).

They can be negative somewhere: MC@NLO is not positive definite (more on this later).

» Compute the integrals of S- and H- integrands (/5, and fz) and the integrals of the
absolute values of S- and H-integrands (Js and Ju).

» Generate S- or H- kinematical configurations (events) distributed according to Js
and Jy (probability distributions are positive definite), but assign them a weight with
sign &+ depending on the sign of the §- and H- integrand in that particular
configuration (unweighting up to a sign).



POsitive Weight Hardest Emission Generator

MC
5|

d'ﬁT"PQWHEt;" p— d{bE [B —|— V —|— fd¢"[+1]R] [ﬂ. —|—ﬂ d'¢'|:+1]

This naive definition does not work, since if one expands it at the NLO, it does not
coincide with the differential NLO cross section (double counting). The integral implicit
in the Sudakov form factor definition does not contain any K term to cancel the one in
the first parenthesis, and the piece in d$ ) is not R/B.

o & R
MQ.G) =ep |~ [ douy |,
]

Generating hardest emission with full
tree level matrix element and virtual
corrections.

The shower generates subsequent
emissions, performing (N)LL
resummation of collinear/soft logs.

Vetoring emissions harder than the first.
32




POWHEG

» Expand at the first-emission level:

R R

dTpownee = dbg [B +V 4+ fd¢{+1}.'t?] [1 — ] d¢[+1:|§ + dd:"l:_,_l]E] = dﬂ'NLc:._.

so double counting is avoided.

RxF+Rx(l—F)
Rfa -+ Rr—:g

Freedom to define the R part:
F <1,
F — 1 when pr — 0, Dumping factor
F — 0 when pr — o

h*

= aae




MC@NLO vs. POWHEG

» TMCONLO, |[POWHEG: MC@NLO does not exponentiate of the non-singular part
of the real emission amplitude.

» TMCE@NLO, |[POWHEG: MC@NLO does not require tricks for treating Born zeros
(MC x B).

» TPOWHEG, [MC@NLO: POWHEG is independent from the parton shower one is
interfacing the computation to.

» TPOWHEG, [MC@NLO: POWHEG has not negative weights. A slightly smaller
statistics is required to POWHEG than to MC@NLO in order to get equally smooth
plots.
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4. bbar —h in POWHEG as an Example
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http://powhegbox.mib.infn.it/

the POWHEG BOX output are partonic events [.Ihe files];
hardest emission is already included, physical resulis only after parton shower

POWHEG BOX can be considered a large library, with many SM processes
available, and some BSM ones:

svn://powhegbox.mib.infn.it
often the matrix elements for complex processes have been implemented by (or
with the help of) the original authors of the NLO computations.

public interfaces to Madgraph4, GoSam and OpenLoops are available, and have
been tested and used.

main focus mostly (N)NLO QCD corrections matched to PS.
for a bunch of processes: also NLO EW corrections [and photon radiation].
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http://powhegbox.mib.infn.it/
http://powhegbox.mib.infn.it/

(ff;r = E((i)l)d(i)l {&((i)_lpl’Tnlﬂ) 4+ &(&)1__{}1-) R ((I)'l-{I}rad) (Ir(I}rad}

B(®)
_ R(®q, D,
A(®y,pr) = EXP{—/ffi*md (B(l(fl) ) O(kr —pTJ}-_
— r > (I}ar:@ﬂ
be((f)n) — [B((I)ﬂ} +V (i}n)]fb + Z [ff(ﬁmd R( Tl'l'i}}
arE{oy|fp}
N Z dz S (@) ) / dz = (B0).
age{ag|fp} ﬂeE{ﬂeUb}

POWHEG-BOX is semi-automatic for users to include new process

e a list of all flavor structures contributing to the Born process,
e the Born phase space,

e the Born amplitudes squared for all partonic subprocesses and the color correlated
and the spin correlated Born amplitudes,

e the Born color structure in the limit of a large number of colors,
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e the finite part of the virtual corrections,
e a list of all flavor structures contributing to the real-emission process,

e the real-emission matrix elements squared for all partonic subprocesses.

Given the ingredients listed above, the POWHEG BOX does all the rest. It automatically finds
all the singular regions, builds the soft and collinear counterterms and the soft and collinear
remnants, and then generates the radiation using the POWHEG Sudakov form factor.

find regions(nleg,rflav,nregions,iregions)
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Init_processes.f

11=5

12=-5

13=25

flst_nborn=1

do k=1,3
flst_born(k,flst_nborn)=ii(k)

enddo

11=-5

12=5

13=25

flst_nborn=2

do k=1,3
flst_born(k,flst_nborn)=ii(k)

enddo

nlegborn.h

I parameter (nlegborn=3) I
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Init_processes.f

11=5

12=-5

13=25

flst_nborn=1

do k=1,3
flst_born(k,flst_nborn)=ii(k)

enddo

11=-5

12=5

13=25

flst_nborn=2

do k=1,3
flst_born(k,flst_nborn)=ii(k)

enddo

flst_nreal=0
condition=.false.
do i1=-5,5
do i2=-5,5
do i4=-5,5
C*************** L | kkkkkkkkkkkkkkkkkkk
condition=((abs(il).eq.5).and.((i1+i2).eq.0).
and.(i4.eq.0)).or.
$
((abs(i4).eq.5).and.((i1+i2).eq.i4).and.((i1*i
2).eq.0))
if(condition) then
flst_nreal=flst nreal+1
if(flst_nreal.gt.maxprocreal)
goto 998
do k=1,4
flst_real(k,flst_nreal)=ii(k)
enddo
10 continue
endif
enddo
enddo
enddo

4




Born.f

subroutine M2_bb_h(pphy,amp?2)

réél *8 pphy(0:3,nlegs)
s=(pphy(0,1)+pphy(0,2))**2-(pphy(1,1)+pphy(1,2))**2
$  -(pphy(2,1)+pphy(2,2))**2 -(pphy(3,1)+pphy(3,2))**2

xnorm=1/(2.d0*pi)*6.d0*pi/4.d0/9.d0*ph_bmass**2*ph_GF/v2
amp2=xnorm*2d0*s
end

subroutine borncolour_I|h
if((idup(1).gt.0).and.(idup(2).1t.0)) then
icolup(1,1)=501
icolup(2,1)=0
icolup(1,2)=0
icolup(2,2)=501
elseif((idup(1).1t.0).and.(idup(2).gt.0)) then
icolup(1,1)=0
icolup(2,1)=501
icolup(1,2)=501
icolup(2,2)=0
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real .f

subroutine M2_qaqg_hg(pphy,amp2)

subroutine M2_gq_hqg(pphy,amp2)

s=(pphy(0,1)+pphy(0,2))**2-(pphy(1,1)+pphy(1,2))**2
# -(pphy(2,1)+pphy(2,2))**2 -(pphy(3,1)+pphy(3,2))**2
t=(pphy(0,1)-pphy(0,3))**2-(pphy(1,1)-pphy(1,3))**2

# -(pphy(2,1)-pphy(2,3))**2 -(pphy(3,1)-pphy(3,3))**2
u=(pphy(0,1)-pphy(0,4))**2-(pphy(1,1)-pphy(1,4))**2

# -(pphy(2,1)-pphy(2,4))**2 -(pphy(3,1)-pphy(3,4))**2

m2=(pphy(0,3))**2-(pphy(1,3))**2-(pphy(2,3))**2 -(pphy(3,3))**2

xnorm=4.d0/(96.d0)

tmp=-4.d0*(m2**2+t**2)/s/u
amp2=xnorm*tmp*(st_alpha*4.0d0*dacos(-1.d0))
# *ph_bmass**2*ph_GF*dsqrt(2.d0)
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real.f virtual.f

subroutine setvirtual(p,vflav,virtual)

subroutine M2_gq_hqg(pphy,amp2)

s=(pphy(0,1)+pphy(0,2))**2-(pphy(1,1)+pphy(1,2))**2
# -(pphy(2,1)+pphy(2,2))**2 -(pphy(3,1)+pphy(3,2))**2
t=(pphy(0,1)-pphy(0,3))**2-(pphy(1,1)-pphy(1,3))**2

# -(pphy(2,1)-pphy(2,3))**2 -(pphy(3,1)-pphy(3,3))**2
u=(pphy(0,1)-pphy(0,4))**2-(pphy(1,1)-pphy(1,4))**2

# -(pphy(2,1)-pphy(2,4))**2 -(pphy(3,1)-pphy(3,4))**2

m2=(pphy(0,3))**2-(pphy(1,3))**2-(pphy(2,3))**2 -(pphy(3,3))**2

xnorm=4.d0/(96.d0)

tmp=-4.d0*(m2**2+t**2)/s/u
amp2=xnorm*tmp*(st_alpha*4.0d0*dacos(-1.d0))
# *ph_bmass**2*ph_GF*dsqrt(2.d0)
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MH=126.0 7TeV LHC Validated with bbh@nnlo 0304035
yukawa Mb=4.6
mur=muf=MH

CTEQ6M
bbh@nnlo 0304035
0.312285431E+01 # mb(muR)
POWHEG LO  0.303755716E+00 # sigma(0) [pb]
LO 0.65906748055878517 pb NLO 0.260989891E+00 # sigma(l) [pb]
NLO 0.56681231885198458  +- NNLO 0.207439506E+00 # sigma(2) [pb]
1.00631133811981922E-003 pb

note running mb used!!
(4.6/3.12285431)**2 ->
LO 0.659077787652
NLO 0.566286100637
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[pb/GeV]

Th
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do /d P
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T | | | | bb —I} l'L+D,i.E.J ]'l.-III_.['rI [';-Ialtn:hing I|—|I—|
SR NLO b idemn e
[ T POWHEG with Dumping 4.1
- ‘% FPOWHEG wo Dumping ~-—-+----
i .
5 ]
| aa==P
| BT
! I : | . | . | . I L |z
0 20 40 60 80 100 120

46



Summary

. Matrix Element Matching with Parton Shower

. Multi-leg/loop merging with PS

. NLO QCD matching with Parton Shower

. Next QED matching ?

Thank you!



A bit about Parton Shower

Absence of interference An angular ordered algorithm include a certain class of interference

Angular ordering
(slide by M. Mangano)

Angular ordering
2
B(fP—':Pl)

o 2
W\’f;j _:_ - 2 +
m‘@z O(e—p,)

Radiation inside the cones is allowed, and described by the eikonal probability, radiation
outside the cones is suppressed and averages to 0 when integrated over the full azimuth




A bit about Parton Shower

Initial state radiation

Infintesimal change in f3(z, t):

dt L dw a z
e )= T3 ), yam Pt £ (50)

Differential emission probability in backwards evolution = infinitesimal change in fy(z,t)
normalized to f,(z,t):

. df,(z, ol dw &5 falz /w,
dp(t) = ﬂg,(g?rr)) Z | S aePeee() ffb(i-f r)r)

as opposed to the final state radiation probability (averaged over azimuth)
df g
d r == - d - a— b "
p(t) Ebc r] e be(2)

Thus, the Sudakov form factor for initial state radiation is

A(Q% 1) =exp [— f? dﬁ(f’)] :




A bit about Parton Shower

Main Monte Carlos available on the market: SHERPA

» A new and completely different kind of shower not based on the collinear 1 — 2
branching, but on more complex 2 — 3 elementary process: emission of the
daughter off a color dipole.

» The real emission matrix element squared is decomposed into a sum of terms D ;
(dipoles) that capture the soft and collinear singularities in the limits i collinear to j,
i soft (k is the spectator), and a factorization formula is deduced in the leading color
approximation:

Dﬁr'.k — B—GS K;j,k.
Pi - Pj

» The shower is developed from a Sudakov form factor

ﬂ:exp(—f%fdzag K,;,-,;f).

» |t treats correctly the soft gluon emission off a color dipole, so angular ordering is
built in.

» Hadronization: cluster model.



aMC@NLO

aMCONLOQO: detailed structure of the MC counterterm

Pocrar (28| M2l + Qorar(28)) | M c|?

e

o(ty), 2, ¢)

e(DZ)d¢
TP (DZ)d®g

_ dper (s
MC= > N, Gy

pg.cdEC

» ¢, | = color flow / color line: shower variables and scales may depend on it.

» [McJg = BIMcfa/Y | Mg = 'barred’ Born amplitude squared, to recover the
full Born summing only on leading coulor.

> Qp_,qr(zy]) = azimuthal kernel.

> I/I—_EF = "barred’ azimuthal amplitude squared.

» ©(DZ) = dead zone (built-in for HERWIG, imposed to PYTHIA).

Steps performed in a fully automatic and process-independent way:
» Assignment of color flow and color partner.

» Assignment of the splitting type (initial state radiation form leg 1 or 2, final state
radiation from massive or massless leg).

» Shower variables definitions and computation of the jacobian.

» Computation of barred amplitudes and Altarelli-Parisi kernels.



