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C High energy collisions )

High-energy particle physics deals with the scattering and the production of elemen-
tary constituents

P

ete —qq gg—H 88 — 88
Ideally, one needs elementary constituents as projectiles and targets, (i.e. a collider
for leptons, gluons and quarks) and a final-state detector of leptons, gluons and
quarks. Not obvious for quarks and gluons:

e at short distance, due to asymptotic freedom, quarks and gluons behave as free
particles

e at long distance, infrared slavery: very strong interactions hide the simplicity of
the description of the constituents.
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(' Dominant corrections )

Collinear-splitting processes in the initial
and final state (always with transverse mo-
menta > Aqcp) are strongly enhanced. This
is due to the fact that, in perturbation the-
ory, the denominators in the propagators are
small.

e The algorithms that evaluate all these enhanced contributions are called shower
algorithms.

e Shower algorithms give a description of a hard collision up to distances of order
1/Aqcp-

e At larger distances, perturbation theory breaks down and we need to resort to non-
perturbative methods (i.e. lattice calculations). However, these methods can be ap-

plied only to simple systems. The only viable alternative is to use models of hadron
formation.
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High-energy experimental physicists feed this kind of output through their detector-simulation

software, and use it to determine efficiencies for signal detection, and perform background esti-

mates.

Analysis strategies are set up using these simulated data.

“The Monte Carlo simulation has become the major mean of visualization of not only detector

performance but also of physics phenomena. So far so good. But it often happens that the physics

simulations provided by the Monte Carlo generators carry the authority of data itself. They look

like data and feel like data, and if one is not careful they are accepted as if they were data.”

J.D. Bjorken (1992)



(' Shower basics: collinear factorization )

QCD emissions are enhanced near the collinear limit

Cross sections factorize
near collinear limit

AP, =dD,dD, A0, = dtdzde
(dt _ do : . :
v df do Pl collinear singularity
2 2 S
‘Mn+1’ d(Dn+1 — ’Mn‘ d(Dn ZT 7Pq,qg(z) dzﬂ { dz N dEg ‘ ‘
~ —= soft singularity

t : (k+1)% p3 E*0*...
z=Kk'/(K°+1°) : energy (or p| or p") fraction of quark

1+ 22
11—z

Pyqq(z) = Cr Altarelli-Parisi splitting function

(ignore z — 1 IR divergence for now)



(' Shower basics: collinear factorization )

If another gluon becomes collinear, iterate the previous formula

]C—l—l-l—m ]C-I—l

e

0,0 — 0 with 8/ >0

2 AXs dt/ / /d_(l)/
o dt dp
x 22 2 Pye(z) dz 2 ot — 1)

Collinear partons can be described by a factorized integral ordered in ¢.
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( Collinear factorization: multiple emissions )

For n collinear emissions, the cross section goes as

Q* dt; dt dt
omoooc/ =1 2...—”9<Q2>t1>t2>...>tn>t0>
to tl t2 ti’l

Q* dt; [t dt to1 dt 2
= Gooc?/ 1/ 2/ —"waoocs— logQ
to to to ty n!

C Q2 is an upper cutoff for the ordering variable ¢
o tg~ A2~ /\QCD is an infrared cutoff (quark mass, confinement scale)
e Due to the log dependence, we call it leading-log approximation.

e According to the Kinoshita-Lee-Nauenberg theorem, the virtual corrections, or-
der by order, contribute with a comparable term, with opposite sign.

e The virtual leading-log contribution should be included in order to get sensible
results!
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Simple probabilistic interpretation of “not-resolved” corrections

)

e probability of emission in the interval dt, at order « (multiple emissions are of
higher orders in «as)

dt
APermis (£ + t, 1) = = ‘XS /dsz]k

e probability of no emission in the interval dt

dt «
Ao emvis (+ 1) = 1 — dPeis (£ + db 1) = 1 — 5 % s /dz P, (2

The “no emission” probability contains, through the 1, all the virtual corrections
(in the collinear approximation, that is at the leading-log level).
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Simple probabilistic interpretation of “not-resolved” corrections )

e divide a finite interval [f,, t1] in N small intervals dt = (t; — tp)/N.

The probability of not emitting radiation between the two ordering scales t; and
tr is given by the product

. N dt o (t
PnO emis(tl/tz) — ngnoo [1 — t_ 52(7:> /dZPi,jk(Z)]
n=1 n

_ exp{—/t: ? "‘;;’f) /dZPi,jk(Z)}

= A(fl, tz)

e The weight A(t, ;) is called Sudakov form factor. It resums all the dominant
virtual corrections to the tree graph (in the collinear approximation).
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C Sudakov form factors )

Aty 12) = exp {— [l dZPi,jk(Z)}

Ai(t'l’tZ)

1.0

0.8

0.6

0.4

0.2

0.0
t0 t2 t1

Notice that, when t, < t;, A — 0, i.e. the probability that a hard parton turns into a
narrow jet, or that it does not radiate at all, is small (it is Sudakov suppressed)
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( Final recipe )

t,zE
ottt t'a/
— G4 T T iR,
t.(1—2)E
) dar’ ) )
Si(t,E):Ai(t,to)IlJrz/ . /dz L) Py(z) Si(t, 2E) Si(f, (1 — 2)E)

(k)

e consider all tree graphs.
e assign values to the radiation variables @, (¢, z and @) to each vertex.

e at each vertex, i — jk, include a factor

dt | os(t) de
—dz P;
t 27 ik (2) 5, 27
e include a factor A;(f1, tp) to each internal parton i, from hardness ¢; to hardness f,.

e include a factor A;(t,tp) on final lines (ty = IR cutoff)
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C Accuracy: soft divergences and double-log regions )

z — 1 (z — 0) region problematic. In fact, for z — 1, Py, Pgg +1/(1 — z)

The choice of the ordering variable t makes a difference

2(1—cos0)
~ N zF

virtuality: t = E?z(1-2z) 0° E ‘ Pr
2 _ 2.2 292 //ﬂ
pT: t = E<z (1 — Z) v, \$

1_
angle: t = E?%6? (1-=)E
dt [1-VHE dz 1 t
li 1— E2 / / ~ ~log® —
virtuality : z(1—2z) >t/ — JiE 1271 log E2
1—t/E?
p2: (1 -2)*> >t/E? — /dt/ dz %%bgzé

angle: — /dt/ T ~ logt log A

Sizable difference in double-log structure!
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C Angular ordering and color coherence )

Mueller (1981) showed that angular ordering is the correct choice

4 o (p?) g
5 o P(z)dz Y,

01 >0, >0;5...

p2 = E?z%(1 — 2)%6°
os(p?) for a correct treatment of charge renormalization in soft region
Soft gluons emitted at large angles from final-state partons add coherently

I [

)} . k

emissions
from all
final lines

S e angular ordering accounts for soft

gluon interference.

as 1f e intensity for photon jets = 0

=0 e intensity for gluon jets = C4 instead
interference of 2Cr + Cy



C Some available codes and accuracy )

collinear | soft-collinear | soft large-N. | soft
PYTHIA leading partial no no
HERWIG | leading leading no no
ARIADNE | partial partial leading no
PYTHIA6.4 | partial partial leading no
SHERPA leading partial no no

One can realistically aim at
leading collinear, leading double log, leading soft in large-N, limit

Soft effects for finite N, require matrix exponentiation in the Sudakov form factor.
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(' NLO + Parton Shower

)

LO-ME good for shapes. Uncertain absolute normalization

of (2p) ~ ol (1) (1 — boors (1) log(4))" ~ ol (1) (1 — nas (1))

For n =100 GeV, as = 0.12, normalization uncertainty:

W+1]

W +2]

W + 3]

+12%

+24%

+36%

To improve on this, we need to go to NLO

The main problem in merging a NLO result and a Parton Shower is not to double-

count radiation: the shower might produce some radiation already present at the

NLO level.

LO: NLO:

0000000




(' POWHEG: how it works )

1. POWHEG, POsitive Weight Hardest Emission Generator, [Nason,
hep-ph/0409146], generates first a partonic event with just one single emission, at
NLO level, and with the correct probability in order not to have double-counting
coming from (subsequent) radiation. The py of the produced radiation works as an
upper cutoff for the p;’s of the entire subsequent shower.

2. The event is written on a file using the standard Les Houches Interface and is pro-
cessed by the Parton Shower program (HERWIG, PYTHIA...), that showers the
event, but with a pr less than the pr generated by POWHEG (pr veto).

e if the shower is ordered in pr (for example PYTHIA), nothing else needs to be
done

e if the shower is ordered in angle (for example HERWIG), we need to generate
correctly soft radiation at large angle.
— pair up the partons that are nearest in py
— generate an angular-ordered shower associated with the paired parton, stop-
ping at the angle of the paired partons (truncated shower)
— generate all subsequent vetoed showers
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C POsitive-Weight Hardest Emission Generator )

it is independent from parton-shower programs. POWHEG can be interfaced
with both PYTHIA and HERWIG, or with your favorite showering program,
if the vetoed shower is implemented, according to the Les Houches Interface.

L] it can use existing NLO results
| it generates events with positive weights

1 As far as the hardest emission is concerned, POWHEG guarantees:

e NLO accuracy on integrated quantities

e collinear, double-log (soft-collinear), large-N.-soft single-log of the Su-
dakov (in fact, corrections that exponentiates are obviously OK)

As far as subsequent (less hard) emissions, the output has the accuracy of the
SMC one is using.

no truncated shower implemented up to now. But this is a problem that af-
fects all the angular-ordered SMC when the shower is initiated by a relatively
complex matrix element.

Carlo Oleari Matching NLO Calculations with Parton Shower: the POsitive-Weight Hardest Emission Generator
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C Existing implementations )

The POWHEG method has already been successfully used in
® pp — ZZ [Nason and Ridolfi, hep-ph/0606275]

® ¢Te~ — hadrons [Latunde-Dada, Gieseke and Webber, hep-ph/0612281]
eTe” — tf with top decay [Latunde-Dada, arXiv:0806.4560]

e pp — QQ (c¢, bb, tf) with spin correlations [Frixione, Nason and Ridolfi,
arXiv:0707.3088].

e pp —-W/Z with spin correlations [Alioli, Nason, Oleari and Re,
arXiv:0805.4802; Hamilton, Richardson and Tully, arXiv:0806.0290].

e pp — H [Alioli, Nason, Oleari and Re, arXiv:0812.0578]

All POWHEG implementations for hadronic colliders have been interfaced to
both PYTHIA and HERWIG.
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C To appear soon )

e pp — H [Hamilton, Richardson and Tully, HERWIG++ group]
e single top production [Alioli, Nason, Oleari and Re]

e pp — W/Z 4+ 1jet[Alioli, Nason, Oleari and Re]

We are working now on a general framework for the implementation of any NLO
process into the POWHEG formalism.

Given the Born, real and virtual amplitudes, combine them automatically to pro-
duce POWHEG events.

Truncated showers have been studied in eTe™ — hadrons [Latunde-Dada,
Gieseke and Webber| and is included in the HERWIG++ framework |[Bahr,
Gieseke, Gigg, Grellscheid, Hamilton, Pldtzer, Richardson, Seymour and Tully,
arXiv:0812.0529]
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(' Zproduction: POWHEG + HERWIG vs MCGNLO )
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ALPGEN and NLO vs MC@NLO: tf + 1 jet

] ] ]
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Yjet

Rapidity y; of the leading jet (highest pr).
POWHEG’s distribution as in ALPGEN: no dip present. The size of discrepancy can be attributed

to different treatment of higher-order terms.

pp — tt + jet at NLO [Dittmaier, Uwer, Weinzierl, arXiv:0810.0452] shows no dip too.
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C Rapidity distribution of hardest jet at Tevatron )
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C Rapidity distribution at Tevatron and LHC )
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Dip inherited from the even-deeper dip of HERWIG. MC@NLO fills partially the dip.

A shower Monte Carlo is accurate in the radiation of the hardest jet only in the collinear regions.

The dip in the MC@NLO result is compatible with an effect beyond NLO.
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( Higgs boson production at the LHC )
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( Higgs boson production at the LHC )
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Higgs boson production at the LHC )
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(_ From NLO to POWHEG )

POWHEG is a method, NOT (only) a set of programs!
POWHEG is fully general and can be applied to any NLO subtraction framework.

We have provided any user with all the formulae and ingredients to implement an
existing NLO calculation in the POWHEG formalism [Frixione, Nason and Oleari,
arXiv:0709.2092 [hep-ph]].

We have looked in detail at POWHEG in two subtraction schemes:
e the Frixione, Kunszt and Signer scheme

e the Catani and Seymour scheme.

We have discussed, in a pedagogical way, two examples:
¢ e g
e qj—V
The fortran implementation of the POWHEG code for these two processes (and all

the others) can be found at
http://moby.mib.infn.it/"nason/POWHEG



C Strategy and conclusions )

Shower Monte Carlo programs to do the final shower already exist

1 Most of them implement a pr veto

I Most of them comply with a standard interface to hard processes, the so

called Les Houches Interface (LHI)

SO...

construct a POWHEG for a NLO process. Output on LHI

if needed, construct a generator capable to add truncated showers to
events from the LHI. Output again on LHI

use standard Shower Monte Carlo to perform the pr-vetoed final shower
from the event on LHI.
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Backup slides )
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(_ Color and hadronization )

Shower Monte Carlo programs assign color labels to partons. Only color connections
are recorded (in large N, limit). The initial color is assigned according to hard cross
section.

Color assignments are used in the hadronization model.

Most popular models: Lund string model, cluster model.

In all models, color singlet structures are formed out of color connected partons, and
are decayed into hadrons, preserving energy and momentum.
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C Summarizing )

In high-energy collider physics not many questions can be answered without
a Shower Monte Carlo (SMC).

The name shower comes from the fact that we dress a hard event with QCD
radiation.

After a latency period, many physicists are now looking at shower Monte
Carlo models again, under different perspective: Catani, Krauss, Kiithn &
Webber; Mangano, Moretti, Piccinini, Pittau, Polosa & Treccani; Frixione &
Webber; Kramer, Mrenna, Nagy & Soper; Giele, Kosower & Skands; Bauer &
Schwartz; Schumann & Krauss; Dinsdale, Ternick & Weinzierl; ...

Shower algorithms summarize most of our knowledge in perturbative QCD:
infrared cancellations, Altarelli-Parisi equations, soft coherence, Sudakov
form factors. All have a simple interpretation in terms of shower algorithms.
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C A word of warning )

“The Monte Carlo simulation has become the major mean of visualization of
not only detector performance but also of physics phenomena. So far so good.
But it often happens that the physics simulations provided by the Monte Carlo
generators carry the authority of data itself. They look like data and feel like
data, and if one is not careful they are accepted as if they were data.”

J.D. Bjorken

Talk given at the 75th anniversary celebration of the Max-Planck Institute of
Physics, Munich, Germany, December 10th, 1992, as quoted in Beam Line,
Winter 1992, Vol. 22, No. 4. Reference taken from Sjostrand.
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C Typical dominant configuration at very high Q? )

v* — hadrons

Besides g — gg, also ¢ — ¢¢, ¢ — gg come into
play.
In the typical configurations, intermediate an-

gles are of order of geometric average of up-
stream and downstream angles.

Each angle is O(«s) smaller than its upstream
angle, and O(«s) bigger than its downstream
angle.

As relative momenta become smaller, o be-
comes bigger, and this picture breaks down.
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( First branching )

The probability of the first branching is independent of subsequent branchings be-
cause of Kinoshita-Lee-Nauenberg cancellation. It is given by

Gts(t/> dt’
2t

dpﬁrst — Ai(tl t/)

Upon integrating in z and ¢, and summing over jk, we have

ag(t') dt’ d(p
527_[ / z Pl ]k dZ — dAi(t, t/)

dpfirst — Ai(tlt

i.e. the distribution is uniform in the Sudakov form factor.
The integral over the whole ¢’ range, from the minimum value ¢ (IR cutoff) up to ¢,
is given by

Ai(tl 'LZ)
1.0

t t
/t APy — /t AN 1) = Aj(E 1) — At tg) =1 —0 =1
0 0

as it should be for a correct probabilistic interpretation.



( Final recipe II )

t',zE
.t to, | t_t' /7
1 L I
t,(1-z)E

e include a factor A;(t1, tp) to each internal parton 7, from hardness t; to hardness ¢.

b odt o d
Ai(tlrtZ) — eXp | — Z/ t S /d szk / v
(i) 7t

The weights A;(#1, t;) are called Sudakov form factors. They resum all the dominant
virtual corrections to the tree graph (in the collinear approximation). Notice also
that the inclusion of real and virtual corrections gives a net result of 1 (cancellation
of collinear singularities in inclusive quantities).

e include a factor A;(t,tg) on final lines (ty = IR cutoff)
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( Actual implementation of the shower algorithm )

We start from a given value of the ordering variable t. We want to generate the value
t' for the next emission, according to the probability

ag(t') dt’ d
APhirse = Ai(t, 1) 52(7r> t/ /Z P; jx(z) dz 50 = dA(t, 1)

Since this is an exact differential form, we proceed as in the case we want to gener-
ate a random variable x according to a distribution function f(x), whose indefinite
integral is known, starting from a uniform random variable r

dP = f(X)dX =1dR  where f(X)dX =dF(X)

/x f(X)dX:F(x):/OrldR:r — x=F1r)

min
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( Actual implementation of the shower algorithm )

generate a hard process configuration with a probability proportional to its parton-level cross
section. Parton densities are evaluated at the typical “high” scale Q of the process

for each final-state colored parton, generate a shower
o sett = Q?

: A(LE) F
e generate a uniform random number 0 < r <1 Lof

e solve the equation A;(t,t') = r for t/

o if ' < ty stop here (final state line). Begin r |
hadronization
e if t' > to, generate z, jk with probability P; j(z), o

0.2

and 0 < ¢ < 27 uniformly. Assign energies

E; = zE;and E; = (1 — z)E; to partons j and 0.0 b

k. The angle 8 between their momenta is fixed
by ' and with ¢ their direction is completely 2E,
specified E; \

e restart shower from each of the two branched (1-2)E,
parton j and k, setting the ordering parameter
t=t.



C Shower algorithm )

[l for each initial-state colored parton, generate a shower in a similar way, but us-
ing a “trick”: the backward evolution (Sjostrand)

I, x) AL E)
i1t x)

where f! is the parton density for the colliding hadron /, where parton i carries

a momentum fraction x = E;/E},

Some momentum reshuffling is needed in order to preserve local (at each vertex)
and global momentum conservation
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( Color coherence )

Soft gluons emitted at large angles from final-state partons add coherently

emissions
from all
final lines

) W e angular ordering accounts for soft

gluon interference.

as 1 e intensity for photon jets = 0
—0 e intensity for gluon jets = C4 instead
interference of 2Cr +Ca

In angular-ordered shower Monte Carlo, large-angle soft emission is generated first.

Hardest emission, i.e. highest pr = E z(1 — z) 6, in general, happens later.
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C Some available codes )

COJETS Odorico (1984)

ISAJET Paige+Protopopescu (1986)

FIELDAJET Field (1986)

JETSET Sjostrand (1986)

PYTHIA Bengtsson+Sjostrand (1987), Sjostrand+Skands (2004)

HERWIG Marchesini+Webber (1988),
Marchesini+Webber+Abbiendi+Knowles+Seymour+Stanco (1992)

ARIADNE Loénnblad (1992)

SHERPA Gleisberg+Hoche+Krauss+Schilicke+Schumann+Winter (2004)
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( New developments )

e Interfacing Matrix Elements (ME) generators with Parton Showers : CKKW matching
[Catani, Krauss, Kiien, Webber|, MLM matching [Mangano]

e Interfacing NLO calculations with Parton Showers: MC@NLO [Frixione, Webber],
POWHEG [Nason]

Several other approaches have appeared
e ¢"e¢~ — 3 partons [Kramer, Mrenna, Soper]
e Shower by antenna factorization [Giele, Kosower, Skands]
e Shower by Catani-Seymour dipole factorization [Schumann, Krauss]
e Shower with quantum interference [Nagy, Soper]
e Shower by Soft Collinear Effective Theory [Bauer, Schwartz]

e Shower from the dipole formalism [Dinsdale, Ternick, Weinzierl]

Up to now, complete results for hadron colliders only from MC@NLO and POWHEG.
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(' NLO + Parton Shower )

The main problem in merging a NLO result and a Parton Shower is not to
double-count radiation: the shower might produce some radiation already
present at the NLO level.

Q00QQeL

LO: NLO:
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( Example of truncated shower: etTe™ )

1 e nearby partons: 1 and 2
e truncated shower: 1 and 2 pair, from 6 up to
Y a maximum angle. The truncated shower rein-
4 2 troduces coherent soft radiation from 1 and 2

at angles larger than 0 (angular-ordered shower
Monte Carlo programs generate those earlier).

e 1 and 2 shower from 9 to cutoff

3 e 3 showers from maximum to cutoff

Truncated showers not yet implemented.

No evidence of effects from their absence in ZZ and e¢"e~ production. Might be some
effects in heavy-quark production.
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C NLO calculations )

We can always parametrize the (n + 1)-body phase space ®,,;; in terms of the Born phase
space @, and three radiation variables ®,: ®,;1 = {®,, O,}

(0) = /Odo: /chnO(ch) B(®,) + V,(Dy)] +/dcpndc1>r0(cpn,q>r)1z(cpn,q>r)

where V), is the (divergent) virtual differential cross section. The virtual and real-radiation
integrals are separate divergent. Their sum is finite (for any infra-red safe observable).
A typical subtraction method re-organize the integrals in the form

(0) = /d(I)nO((I)n) [B((Dn)+Vb((I)n)+/dCDrC((Dn,CDr)]

+ /dcpndcpr (0(®,, D,) R(D,, ®,) — O(D,) C(®,, ©,)]

\ . 7
Ve

finite
Defining
V(®,) = Vb(d)n)+/dd)rC(CDn,CDr) — finite

we have

(0) :/ d®, O(®,) [B(®,) + V(D)) +/d<I)n d®, [O(®,, D,) R(D,, ;) — O(Dy) C(D, D,)]



( NLO in SMC )

Shower Monte Carlo (SMC) cross section for first emission (d®, = dt dz dp)

:/chnB(ch) {O((Dn>At0‘|‘/tO?dZdQUO((Dﬂ/ ) Ar 5= Pz )}

27
with
dt’ , (s
Ay = exp [— —dz' do Z‘L’P( )]
The expansion at order «; gives the NLOgpyc
o
= /d(Dn B((Dn { (Dn +/ - dZdQD (Dn/ (DT”) T O((D”>] gs.[ P(Z>}

This is the inexact NLO correction implemented by the SMC

How do we reach exact NLO accuracy?
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C Towards NLO accuracy )

(0) = [d®,0(®,) [B(®,)+ V(@)

+ / AD, A0, [O(Dy, Or) R(@p, ©y) — O(Py) C(Dy, Oy)]

— /d(I)n O(d,) {B((Dn) +V(®D,) + /dq)r[R<(Dll/ D)) = C(Dy, (DV)] }
+ /dq)n A, R(Dy, D;) [O(®y, ©r) — O(D,)]

Define
B(®,) = B(®y) + V(©,) + [ d®, [R(®y, D) = C(@,, 0,)]

_ /d(I)nO((I)n)E((Dn) +/dCDndCDrR(CDn,CDr) O(®,, D) — O(D,,)]
In NLOgpc, it was

— /d(DnO(CDn +/d<Dnd<D B(®) er( )1[0(%,@) — O(@y)]

Carlo Oleari Matching NLO Calculations with Parton Shower: the POsitive-Weight Hardest Emission Generator 46



( POWHEG )

1
il P(z)7 < R(®y, ©,)

NLOgyc <« NLO : B(®,) < B(®,) B((Dn)zﬂ,

All-order emission probability in SMC

(0) — /dq)n B(®,,) {o(cl)n) Ay + /to A0, O(D,, ©;) A ;—; P(z) %}

with
Ay = exp |- /dCD’ % pioy Lo — p
"2 t/

All order emission probability in POWHEG

"
(0) = /chnE(cpn) {O((I)n)Ato +/dc1>,,0(c1>n, ®,) A

At = exp [— /dCD; R(B(I()g;);) ot — t)]

-

with t = kp(®,, ®,) and B(®,) = B(®,) + V(®,) + [ d0, [R(®,, ®,) — C(D,, ©;)]

POSITIVE if B is positive (i.e. NLO < LO).



C Accuracy of the Sudakov form factor )

POWHEG’s Sudakov form factor has the form (with ¢ ~ 1)

Q* dk3. as(ck?) E?
At:eXp [—/t k%T Sn_T Alogg+B

The next-to-leading log (NLL) Sudakov form factor has the form

Q* dk2. o (k2 o (k2 E2
ANE = exp [—/t r % (k) {<A1+A2 S(WT>> logk—2+B

2
ki 7 T

provided the color structure of the process is sufficiently simple (< 3 colored legs). Can
use this to fix ¢ in POWHEG’s Sudakov form factor as suggested in Catani, Webber,
Marchesini, (1991). HERWIG uses this.

For colored legs > 4, exponentiation only holds at leading-log (LL) or LL + NLL in the
large-N, limit (i.e. planar color structure of Feynman diagrams)

POWHEG’s Sudakov form factor is always LL accurate. NLL accurate for < 3 colored
legs, NLL accurate in leading N, in all cases.



C Mathematical tricks )

To generate the underlying Born variables (®,), distributed according to
B(®,,), one uses programs like BASES/SPRING or MINT, that, after a single
integration, can generate points distributed according to the integrand func-
tion.

Use the veto technique and the highest-p; bid procedure, to generate the radi-
ation variables, distributed according to dA;(¢,t').

These tricks are well known to Monte Carlo experts.

We have collected a few of them in the appendixes of our paper
[Frixione, Nason and Oleari, arXiv:0709.2092 [hep-ph]].
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( tt production )

1.00¢ -2
! . . 10
i stable top—antitop pair ] i ]
050 F 1 i charged lepton pair from top decay |
o (pb/bin) ' 103 L | ) .
0.20 F VS = 1.960 TeV A . ' o x B (pb/bin) '
_ solid: POWHEG s VS = 1.960 TeV
0.10 dashed: MC@NLO | 1074} solid: POWHEG
0.05 ] i dashed: MC@NLO
1079 3
0.02 - . i
ooOtmrnn———~————4,t-+———1-—— e 10— 6 R
0 20 40 60 80 100 0 50 100 150 200
pr(tt) (GeV) pr(1717) (GeV)
2 O E E 2 O 3 1
1.5F ratio E 1.5F ratio =
05F E 05F E
0.0 L L L L | L L L L | L L L L | L L L L | N N N - 0.0 . N N N 1 N N N N 1 L N | N N N N
0 20 40 60 80 100 0 50 100 150 200

Good agreement for all observables considered. There are sizable differences that can be
ascribed to different treatment of higher terms. But more investigation needed (different
, , different yors )
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( ALPGEN vs MC@NLO: ¢ + 1 jet )

ALPGEN can generate samples of tf + n jets. Can be compared to NLO +
Parton Shower [Mangano, Moretti, Piccinini & Treccani, hep-ph/0611129]

1 advantage: better high jet multiplicity (exact Matrix Element)

[] disadvantage: worse normalization (no NLO)

ALPGEN
e Generation: PL. =30GeV, @ AR=0.7

e Matching: E!. = 30GeV, AR = 0.7

min

Jet definitions
= 15 GeV, AR = 0.4, K factor = 1.45
= 20 GeV, AR = 0.5, K factor = 1.57

. T
e Tevatron: Emin

e LHC: ET

min
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ALPGEN vs MC@NLO: tf + 1 jet
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Solid: ALPGEN, S,

Tevatron — I

do/dy, (pb) { [
] 40
]l 20}

Solid: ALPGEN, S,

do/dy, (pb)]

Rapidity y; of the leading jet (highest pr).

Different shapes both at Tevatron and at the LHC
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C POWHEG: rapidity of the leading jet )

0.25

(d(li/?ct) [fb]

1000 ¢

Tevatron tt production

0.20
jet pp > 10 GeV
100 3

o°
—
a

do/dy (pb)

10 F

pp — tt + jet + X
/s =1.96 TeV

0.10

-4 -3 -2 -1 0 1 2 3 4

0.05

—— K = NLO/LO

0.00

y of the hardest jet

Yjet

POWHEG's distribution as in ALPGEN: no dip present. The size of discrepancy can be
attributed to different treatment of higher-order terms. Is this “feature” really there?
The new pp — tf + jet at NLO [Dittmaier, Uwer, Weinzierl, hep-ph/0703120] shows no
dip too.



C Z production: POWHEG + PYTHIA vs PYTHIA )

Or~———71 71 1] WO T T
- . 500 |- =
50 =TT - [ ]
3 pp, VS=14TeV 1 :
30} dashes: PYTHIAX1.172 [ ]
: solid: POWHEG ]
20 -] 10 E
F ] 5F =
10~ ] -
N N N B B D% AP P PSP PP AN IR . O
-4 -2 0 2 4 60 70 80 920 100 110 120
Vg M(eTe™) (GeV)
100p——————T1 T " T3 103g""l""I""I""I""I""
500 |

100 |
50 |

I B 1A T B B I
3 0 50 100 150 200 250 300

2
Ad(e*e”) pr

For vector-boson production, PYTHIA generates radiation in a way similar to POWHEG.

Differences ascribed to the use of LO parton densities.



Z production: POWHEG + PYTHIA vs PYTHIA

do/dy; (pb)

L I L I B
of et -
= oo
40f " -
Ny -]
30 - NLO CTEQ6M -
---------- LO CTEQ6M
20— - === LO CTEQSL —
m:'- A B B B
—4 -2 0 2 4
Yz

Plots normalized to the NLO total cross section.
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Higgs boson production at the LHC

L L D e e
LHC POWHEG+HERWIG
MC@NLO :

1.00

0.70

0.50 F

0.30 f

0.20 |

0.10 - siscone

0.07

0.05 &=

Yiet — Yu

POWHEG + HERWIG vs MC@NLO

myg = 400 GeV



C HERWIG: rapidity of the leading jet )




C POsitive-Weight Hardest Emission Generator )

[Nason, hep-ph/0409146]

is a method, NOT (only) a set of programs

] generates events with positive weights

! can be interfaced to any Parton Shower Monte Carlo, if the vetoed shower
is implemented, according to the Les Houches Interface.

It is independent from parton-shower programs. POWHEG can be inter-
faced with both PYTHIA and HERWIG, or with your favorite showering

program,
1 As far as the hardest emission is concerned, POWHEG guarantees:

e NLO accuracy of (integrated) shape variables

e Collinear, double-log, soft (large-N, limit) accuracy of the Sudakov (in

fact, corrections that exponentiates are obviously OK)

[ As far as subsequent (less hard) emissions, the output has the accuracy of
the SMC one is using.
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(" ete~ — hadrons )

L I T T 1 I % 100 [ ——— — T T T 7T LI B LI I 3
Nason@NLO 3 3 Nason@NLO 3
Hw++ ME . L Hw++ ME ]
q 0t -
ey ]
------ : 10 |§— _gl
ER: i

[Latunde-Dada, Gieseke and Webber, hep-ph/0612281]

Fit to eTe~ data: better agreement than in the standard matrix-element correction approach.
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1076 ¢

(pb/GeV)

do/dp¥

1079

10—10

( tt production: POWHEG vs. NLO )

1077 ¢

Tevatron tt production

-] 10~7

Tevatron tt production

POWHEG
NLO E POWHEG
NLO
1 1 1 I 'l 'l 'l I 1 1 1 1 - . ll L 1 L L - ll 1 1 1 1 - ll 1 1 _8
10! 10° 10~3 10—2 10-1 100 10
pr (GeV) (T—se)

e when p!f — 0, POWHEG treats correctly the resummation of soft/collinear radiation

- when plf becomes large, POWHEG approaches the NLO result

e when @;; — 0, the emitted radiation becomes hard and POWHEG goes to the NLO result.

(qd) ¥#¢p/op
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C

ZZ7 production: POWHEG + HERWIG vs MC@NLO

100
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No significant difference with MC@NLO [Nason and Ridolfi, hep-ph/0606275]



POWHEG + HERWIG vs POWHEG + PYTHIA
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Agreement between POWHEG + HERWIG and POWHEG + PYTHIA

[Nason and Ridolfi, hep-ph/0606275]
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