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Misplaced fears

Before the LHC started, | was afraid of two things:

» That the machine would be often stopped because of
technical issues = low integrated luminosity

» That simulations and data would differ significantly —
long time before enough confidence for physics results

Both fears proved to be totally misplaced (luckily)

» the LHC has accumulated more than 20 fb-' of data (enough for
producing about half a million Higgs bosons...)

» The vast majority of predictions and simulations was in very good
agreement with the experimental data
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LHC physics results

The LHC Collaborations have so far published more
than 600 physics papers

Some examples of their results, also highlighting the accuracy of
theoretical predictions, follow
(Note that many plots are now outdated, and could be
replaced by even better ones)
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Inclusive W and Z production
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LHC physics results

ETH Institute for
Particle Physics

¢ Zimportant tool : data-driven methods for controlling
lepton eff, scale, resolution, Etmiss (hadronic recoil).

¢ In general excellent data-MC agreement

CMS 36 pbtat \s=7TeV

I lumi. uncertlainty: +4% I I %
N~
cxB (W) —— 0.987 +0.009 , +0.051, N
o
oxB(W*) ——] 0.982+0.009,, +0.049, E
@
oxB (W) —— 0.993+0.010,, +0.056 %

oxB(Z) —o— 1.003 £ 0.010 exp. - 0.047 ..

Rz HeH 0.981+0.010 , +0.016

R.. o 0.990 +0.011,,, +0.037,

0.6 0.8 1 1.2 1.4
Ratio (CMS/Theory)

Amazing precision reached ( ~1% experimental ! )
Start to put important constraints on theory (NNLO, PDFs)
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Top cross section

LHC physics results

ETH Institute for
Particle Physics

CMS TOP-11-024

CMS Preliminary \s=7 TeV

Excellent agreement with
theoretical calculations so far...
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LHC did in | year what
the Tevatron took 10 to
do.Theory keeping up:
full NNLO calculation
just completed
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LHC physics results
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¢ simultaneous extraction of W signal and
top background
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¢ presented for experimental lepton and jet Monte Carlo model.
acceptance, eg. pTjet > 30 GeV . . .
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LHC physics results

The mother of all data/theory comparisons
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LHC physics results

It is worth noting that the data/theory comparison
does not always work perfectly.

On the other hand, theoretical progress continues to
be made, and often wrongs are righted
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¢ Big discrepancy at small angles???
¢ But note: at very small angles, the NLO calculation is .
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LHC physics results

Di-Photon Production: Results D s

from D. de Florian, M. Grazzini, et al
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—— NNLO
---- NLO
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27 NNLO
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¢ confirmed by very recent calculation (see plot on the ny
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Very recent NNLO
calculation seems to
eliminate the discrepancy
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LHC physics results

b-jet production: Results

CMS preliminary, 60 nb’
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Something still wrong at
very large pt!
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The scene

In what kind of environment have these
measurements and calculations taken place!?
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A hadronic process

| High-Q? Scattering = <:%% s~  2.Parton Shower
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A hadronic process

Final
state

' shower

? &w%
proton \
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Describing complexity

A large part of the success of LHC physics (and the speed with which
it has come) must be due to the excellent quality of the simulation
tools for detectors and physics employed there.

Tevatron did not have such good tools, especially at the beginning of
its 25 years run. It took a lot longer to understand the detector and
to extract physics.

[l think it was at LEP that the need/usefulness of
high-precision simulations/predictions became evident]

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque |5



Evolution of (physics) tools

» 10 years ago we had

» PYTHIA, HERWIG (parton shower MCs)

» GRY, CTEQ, MRST (NLL PDFs)

» first automated tools for tree level (CompHEP...)
» dedicated NLO codes, for fairly simple processes

» now we also have

» PYTHIA8, HERWIG++, SHERPA

» MC@NLO, POWHEG (matching of NLO with PS)

» matching of PS with matrix elements (CKKW, MLM)

» more PDFs sets, some at NNLL (NNPDF HERAPDF, ABKM,JR,...)
» many more NLO calculations, including for complex processes

» automated tools for LO and NLO (MadGraph,aMC@NLO,...)

» dedicated NNLO codes, for fairly simple processes

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 16
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“We are driven to the conclusion that the

amiltonian method

for strong interactions is dead and must be buried, although of
course with deserved honor”

Lev Landau

“The correct theory [of strong interactions] will not be found
in the next hundred years”

Freeman Dyson

We have come a long way towards
disproving these predictions



Outline

» Some basics of QCD

p Initial state
» PDFs

» Hard scattering (and more) Lecture |

» higher order calculations and generators
» Parton shower MCs

» Merging
p Final state

»Jets algorithms and jet areas L ectures 2 and 3

»Jets as tools (jet substructure)

[Subdivision in parts actually quite unreliable. Length/depth of descriptions varies quite a lot]
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QCD emission probability

k dpf k—ij s
Oij ~/

dEzdtgw mm(E@, EJ)QU

Divergent in the soft (Eij—0) and
in the collinear (0;—0) limits

The divergences can be cured by the addition of virtual corrections
and/or if the definition of an observable is appropriate
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QCD emission : more details

Start with v* — qq:

Mg = —u(p1)iegyuv(p2)

Emit a gluon:

Maag = u(p:)igsft" ijl ’eq’YuV(P2)

— 0(p1)iegy, P
2

In the soft limit ,k << p|>

— - A pl.e p206
oy O t L
Mag U(Pl)’eq’)’p v(p2) &s (pl.k .k)
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QCD emission: more details

Squared amplitude, including phase space

—

d3k
E(27)

2p1.p2
p1-k)(p2-k)

0P qag|M2gg] = (d0 gz M)

2
qqg 3 Crg; (

Factorisation: Born X radiation

Changing variables (use /
energy of gluon E and 4S — 20sCr dE df do¢
emission angle 0) we get 1 FE sinf 2

for the radiation part
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Bremsstrahlung

- 2aSC,: dE db dqﬁ

do T E sinf 2w

Bremsstrahlung spectrum: |/E and 1/0

» It diverges for E — 0 — infrared (or soft) divergence

» It diverges for 6 — 0 and @ — m — collinear divergence

[NB. If the quark is massive, the collinear divergence is absent,
it is ‘screened’ by the finite quark mass]

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 23



Altarelli-Parisi kernel

Using the variables E=(1-z)p and k. = EQ we can rewrite

_20,Cr dE df dp  QsCp 1 dk; d¢
N 7/ E sin@ 2w ' T ]__sz'tQ 27T

/

‘almost’ the Altarelli-Parisi
splitting function Pgq

dsS
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asCF

Massive quarks

If the quark is massive the collinear singularity is screened

1 ddk?d(b asCp 1 ; ﬁg /d¢

s

12" 2 2r 7 12 (- 2)2mdn

D real

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque
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The template for an hadronic process
H H— Hy;+ X

do dé AN?
@~ FGr) X Fw) X G pmoGm) < Dw) + 0()
fit from data, short-distance, fit from data,
use in other predictions calculable  yse in other predictions

in pQCD
‘higher twist’ non-

perturbative power
‘leading twist’ long-distance non- corrections. Can be
perturbative contributions neglected to some extent

Testing (and using) QCD is essentially an iterative procedure

which amounts to running an equation like this one through

many sets of data, extracting ingredients and using them for
predictions, always checking for consistency

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 26



Ingredients and tools

» PDFs

» Hard scattering

» Final state tools

3

\ ovent” 7
proton proton
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PDFs: choices

Extracting PDFs from data has become a favourite pastime

» Then: CTEQ, MRST, GRY, ...
» Today: CTEQ, MSTW, NNPDF HERAPDF ABKM,GJR, ...

pdfs authors arXiv
S. Alekhin, J. Blimlein, S. Klein, S. Moch 1105.5349,1101.5261,1107.3657,
ABKM 0908.3128, 0908.2766. ...
H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. 1108.5112, 1101.0561,
Nadolsky, J. Pumplin, C.-P. Yuan, and 1007.2241, 1004.4624,
CTEQ/TEA others 0910.4183, 0904.2424,
0802.0007, ...
M. Gluck, P. Jimenez-Delgado, E. Reya 1003.3168,0909.1711,
GJR 0810.4274. ...
H1 and ZEUS collaborations 1107.4193,1006.4471,
HERAPDF 0906.1108, ...
A.D. Martin, W.J. Stirling, R.S. Thorne, G. 1107.2624,1006.2753,
MSTW Watt 0905.3531, 0901.0002, ...
R. Ball, V. Bertone, F. Cerutti, L. Del Debbio, | 1110.2483,1108.2758,1107.2652,
NNPDF S. Forte, A. Guffanti, N. Hartland, J. |. 1103.2369,1102.3182,1101.1300,
Latorre, J. Rojo, M. Ubiali 1005.0397,1002.4407,0912.22786,
0906.1958, ...

Matteo Cacciari - LPTHE
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PDFs: choices

Is the abundance of PDF sets redundant!?

Only up to a point, since many different choices can be made

» What data to fit? Everything? A more limited and more consistent set?

» What technique to use to describe the PDFs? Parametric form? Neural
network!?

» Fit & with PDFs, or use external value?

» What treatment for heavy quark masses!?

» How to exploit higher order calculations? K-factors or exact results!?

There is value in having (a reasonable number of)
independently obtained PDF sets

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 37
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PDFs: summary

PDFs: the most recent sets

as on LHAPDF v5.8.6

Matteo Cacciari - LPTHE

2013 Taller de Altas Energias - Benasque

Data Parame : g Pe Q) 0
¥ S Orde eme
global * 6 independent f; Hessian with fixed NLO S-ACOT-x external
DIS (FT + HERA)  * Polynomial par tolerance parameter -
CTl O(W) DY (FT + TeV) (26 pars) Ax2 =100 several &g values
Inclusive Jets
global * 7 independent f, Hessian with LO ACOT + TR’ external
MSTWOS DIS (FT + HERA)  * Polynomial par dynamic tolerance NLO parameter -
DY (FT + TeV) (20 pars) Ay?2 ~ 25 NNLO several o values
Inclusive Jets + fitted
global * 7 independent f; Monte Carlo LO FONLL-A external
NNPDF2.1 DIS (FT + HERA)  * Neural Networks sampling + NLO parameter -
+Te pars ross validation several o values
. DY (FT + TeV) (259 ) C lidati NNLO | o val
(NNPDFZ-Z) Inclusive Jets
(+ LHC data)
only DIS HERA-I * 5 independent f; Hessian with Ax2 = 1 NLO ACOT + TR’ external
HERAPDF1.5 + prel. HERA-II * Polynomial par NNLO parameter
(14 pars)
only DIS + Fixed-  * 6 independent f; Hessian with Ax2 = 1 NLO FFNS fitted,not external
ABKMO09 Target DY * Polynomial par NNLO n=3,4,5 parameter
(25 pars)
only DIS + Fixed-  * 5 independent f; Hessian with Ax?=1  NLO FFN, nf=3,4,5 fitted,not external
RO9 Target DY+(Jets)  * Valence-like NNLO and VFN parameter
J assumptions
(15 pars)
LHCPhenoNet Winter School 2012 Parton Distribution Functions, part Ill - M. Ubiali
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NNLO: gg luminosity

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118 LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118
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. . 195__ ................................. -
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& 19__ ........................................................................................................................................ —]

difference between the PDF sets S S I— — -

= Signiﬁcant increa‘se Of the ‘PDF uncertainty” 18§—+NNPDF2(> ...................... _g
E > MSTW08

173028610 ]
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Ingredients and tools

» PDFs

» Hard scattering

» Final state tools

3

\ ovent” 7
proton proton
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Tools for the hard scattering

Can be divided in
pIntegrators

» evaluate the (differential) cross section by integrating the
calculation over the phase space, yielding (partly) inclusive
quantities

» Produce weighted events (the weight being the value of

the cross section)
» Calculations exist at LO, NLO, NNLO

» Generators

» generate fully exclusive configurations

» Events are unweighted (i.e. produced with the frequency
nature would produce them)

» Easy at LO, get complicated when dealing with higher orders

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque
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It’s easy to say ‘NLO'...

Even if a calculation yields an NLO-accurate result for a quantity,
not all distributions that can be returned by the same code have
necessarily NLO accuracy

Example: vector boson production in Drell-Yan

4000 ¢

R. Frederix

Matteo Cacciari - LPTHE

1
10 15 20

transverse momentum [GeV)

» At O(s), the total rate is LO,
the pr is always zero

» at O(&Xs') (I gluon emission +
virtual) the total rate is NLO, but
the pt distribution is only LO

You only get NLO when you
calculate something that was not
trivially zero at the lower order

2013 Taller de Altas Energias - Benasque 34



Slide from R. Frederix It’s easy to Say ‘N LO’..

NLO...?

/
\

A
2\

7

Another example: we have a NLO code for pp — tt

=

9 V0000

t 9 BT

LO Real Virt

AN

/2

s Total cross section

Al

% Transverse momentum of the top-antitop pair

A

% Transverse momentum of the jet

¢ Top-antitop invariant mass

\/

¢ Azimuthal distance between the top and anti-top

NLO?
v/
% Transverse momentum of the top quark v
X
X
v/
X

21

Rikkert Frederix, University of Zurich
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Fixed order calculation

Born

doP°™" = B(®p)d®p

NLO

doN O = [B(®g) + V(®p)|dPs + R(PR)dP R

dPr = dPp dP,qq

Problem:

V(®g) and [RdDr are divergent d®,,qg = dcosOdE do
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Subtraction terms

O((I)R((I)B, (I)rad)) —|> O((I)B)

Soft or collinear limit

An observable O is
infrared and collinear safe if

One can then write, with C—R in the soft/coll limit,

This integration
performed analytically

0) = [ |B@w) 1@ (@n) + [ Cloryit,uif O@a)ivn
+m¢}%) - C(@ dP R
Separately finite /

This (or a similar) cancellation will always be implicit in all subsequent equations
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Sudakov form factor

~~

0}
Factorisation On n+1

d0n+1 ((I)n—l—l) — P((I)rad) dan((I)n) dP;aq

\ .

Emission probability P(Praq) dPrag ~ as(q) dg P(z, ) dz2—
T q T

Sudakov form factor = probability of no emission
from large scale qi to smaller scale q

q1 o d 1
Ag(a1, ) = exp |— / s(9) dg / P(2)dz
. q 20 i

o T g
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Conventions for Sudakov form factor

1
A (q . ) ~ exp |- q as(q) dq P(z) dz Full expression,with details of soft-
SV A2 42 T q Jy collinear radiation probability
i Q da(Mc) ]
__ _ dydpl, Dropped upper limit, taken
A(pr) = exp /pT do(B) dpr implicitly to be the hard scale Q
Cdy

Introduced suffix (R in this case)

R
AR(pT) = exp [— / —@(kT((I)R) — pT)d(I)rad] to indicate expression used to

B described radiation

AR(pT) — exp [_ / %dq)rad] Integ.ratic?r! bo.unc.laries only
pT

implicitly indicated
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Parton Shower MC

Based on the iterative emission of radiation
described in the soft=collinear limit

ClO'(MC) ((I)R)dq)R — B((I)B)dq)BP(q)rad)dq)rad

Pros: soft-collinear radiation is resummed to all orders in pQCD

Cons: hard large-angle radiation is missing

Overall accuracy will be leading log (LL) for the radiation,
and leading order (i.e. Born) for the integrated cross sections
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PS example: Higgs plus radiation

Leading order.

H No radiation, Higgs pt = 0
g : . o
With emission of radiation
H Higgs pr # 0

Description of hardest emission in PS MC (either event is generated)

doMO) da(B) 4o MO)
— 5 T A QO —I— A pT A(pt) = exp | — %d A
dydpr (Pr)A(Qo) + Alpr) 5 - [, o
/ // // \\ Sudakov form factor
y prob. of x-sect for
xesect for prob. of no emission emission at pr,

no emission Nno emission

(down to the
PS cutoff)

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 41
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Shower unitarity

It holds
? Alpr) 4 e ? dA(pr)
/ 5(pT)A(Q0) + do(B) dpr = A(Qo) ‘*‘/ d dpr = A(Q) =1
0 dy 0 pPT
Shower
h unitarity
SO that

/Q i doMC) Q
= ) A =
. pT dydpy /0 (pr)A(Qo) + 1o (B dy

dy

doME)
A(PT)W} dpr — do(®)

A parton shower MC correctly reproduces
the Born cross section for integrated quantities

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 42



PS MC in different notation

Writing the real cross section as described by the Monte Carlo
(i.e. with the parton shower) simply as RM< we can rewrite

RMC’ T

doM® = Bd®p | Arc(Qo) + Anc(pr) B AP qq

RMC’
Wlth AMC(]?T) — €XP |:_/ B dq)rad:|
pT

as our Master Formula for a Parton Shower Monte Carlo.

Thanks to the shower unitarity, it holds

— / doMC — / Bd®p = ot

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 43



Matrix Element corrections
Ina PS Monte Carlo  R™M9) (®y) = B(®5)P(Praq) soft-collinear

approximation

Replace the MC description of D(P R
radiation with the correct one: ( rad)

The Sudakov becomes

(MC)

Q do
A(pr) = exp [/ ‘Zyjﬁ;f d '} —> Ag(pr) = exp [ / —O(kr(®r) — pr)d®raa

pr dy

and the x-sect formula for the hardest emission

R
do™PC = Bd®g |Ar(Qo) + AR(pT)Equmd
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Matrix Eleme

nt corrections

10 1 | | |
NLO
100 3 E
SHOWER, MEC
10_ 1 E_ N -
mD&-: Soft radiation: Hard radiation: full -
T 10~° L Sudakov real corrections _
P {  dominates dominate E
T | (and eliminates the
} 1 divergence of NLO)
T 1073 | My=120 GeV
10—4 - . 1 1 R
0 o0 100 150
H
pr (GeV)
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Beyond PS MC

We wish to go beyond a Parton Shower (+MEC)
Monte Carlo, so that

» we can successfully interface matrix elements for
multi-parton production with a parton shower

» we can successfully interface a parton shower with a
NLO calculation
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Matching

The quest for exactness

. exact PS

n. of radiated

| 2 3 4 5. QCD
| ® particles ' parton shower (PS+MEC)
Montecarlo (PYTHIA, HERWIG..))
2
3
4
5
Powers of
coupling
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Matching

The quest for exactness

. exact PS

n. of radiated

| 2 3 4 5. QCD
particles
| @
2 . PS + Matrix Element (ME)
3 . (using CKKW/MLM)
4 E
5 E
Powers of
coupling
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Matching

The quest for exactness

. exact PS

n. of radiated

| 2 3 4 5.. QCD
particles
| @
2| 09
3
PS + NLO
4 (MC@NLO, POWHEG)
5
Powers of
coupling
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Matching

The quest for exactness

PS

Q-

n. of radiated

| 2 3 4 5.. QCD
particles
| @
2 | 0@
3 E_
4 E_
5 E PS + NLO + ME
(MENLOPS)
[Hamilton, Nason ’10]
Powers of
coupling

Matteo Cacciari - LPTHE

2013 Taller de Altas Energias - Benasque
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Matching

The quest for exactness

. exact PS

n. of radiated

| 2 3 4 5. QCD
particles
| @
2| OO
00
4 00
5 o0
Powers of
coupling The future
S SR PS + NLO + MEnto

Matteo Cacciari - LPTHE

(@MC@NLO)

2013 Taller de Altas Energias - Benasque

51



Beyond PS MC

We wish to go beyond a Parton Shower (+MEC)
Monte Carlo, so that

» we can successfully interface matrix elements for

multi-parton production with a parton shower

» we can successfully interface a parton shower with a
NLO calculation

Matteo Cacciari - LPTHE 2013 Taller de Altas Energias - Benasque 52



Slide from F. Maltoni

>

Why ME+PS

oL

GOAL FOR ME-PS MERGING/MATCHING

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta
® Smooth jet distributions

Matrix element

N Event/bin (1 fb™)
o

" Desired curve

2nd QCD radiation jet in

top pair production at
1 1.5 2 2.5 3 3.5 the LHC

log(DJR)
ThikTank on Physics@LHC, 05-09 Dec 201 |

Matteo Cacciari -

0 aller de Altas Energias - benasque
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atteo

Cacciari - LPTHE

ME+PS matching methods

» CKKW [Catani, Krauss, Kuhn,Webber, 2001]
» CKKWV-L [Lonnblad, 2002]

» MLM [Mangano, 2002]

2013 Taller de Altas Energias - Benasque 54



Slide from E-Makoni- Exxample of PS+ME matching
EScIQ/O)|

MATCHING RESULTS

W+jets production at the Tevatron for MadGraph+Pythia
(kT-jet MLM scheme)

Qmath = [0 GeV Qa<h = 30 GeV

—_— . —
'g Sum of contributions 8
N N
o= 0-jet sample ]
s 1 1
E 1-jet §
g 2-jet g
- 3-jet c
o o
= 4- et -
1%} (&)
310‘1 a,_ scale x 0.5/2 3 1
1 0'
7
v w
B o
O (&)
2
10 102
3
107 L 10°

0 02 04 0608 1 12 1.4 1.6 1.8 2 22 0 02040608 1 1214 1.6 1.8 2 22

log(Differential jet rate for | — 2 radiated jets ~ pT(2nd jet))

Jet distributions smooth, and stable when we vary the matching scale!
ThikTank on Physics@LHC, 05-09 Dec 201 | 29
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Slide from E-Makoni- Exxample of PS+ME matching

W + zNjet jets) [pb]

i}

Theory/Data

10?

10

=M Q6|

TH/EXP COMPARISON AT THE LHC

llllle lllHHw T 1TT]

T T NHHW

i

T T T
W—uv + jets
7@ Data 2010,\/s=7 TeV
¥ ALPGEN
A SHERPA
% PYTHIA
BLACKHAT-SHERPA
MCFM

ATLAS Preliminary

L LI

|

L1 LIl

1 HHH‘

Inclusive Jet Multiplicity, N

jet

ThikTank on Physics@LHC, 05-09 Dec 201 |
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CMS

n e T T T )
' 10°'E =
ARTE L E
& B ——g— Er>30GeV
5 n -—— |
102 E_ —E

E e data ""'" ,,, i ... i E

- energy scale o — — - b

— VZZ7] unfolding i

103  —— MadGraph 22 S

= --- MadGraph D6T 3

- —~ Pythia Z2 i —3

] ] ]
|z B I I I — 9
2| 03| -
2T 0ol 5 .. __]
c | I /|
AI 5 0.2 pm— I — '//T/// -1
+ (N = .
u + 01 == I
© % 0 i | L | |
1 2 3 4

30
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inclusive jet multiplicity, n
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Beyond PS MC

We wish to go beyond a Parton Shower (+MEC)
Monte Carlo, so that

» we can successfully interface matrix elements for
multi-parton production with a parton shower

» we can successfully interface a parton shower with a

NLO calculation
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MCs at NLO

Existing ‘MonteCarlos at NLO'’:
} M C @ N LO [Frixione and Webber, 2002]

} POWH EG [Nason, 2004]
NB. MC@NLO is a code, POWHEG is a method

Evolving into (semi)automated forms:

}The POWH EG BOX [powhegbox.mib.infn.it 2010]
} aM C@ N LO [amcatnlo.cern.ch 201 1]
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MC@NLO v. POWHEG

The two methods are largely equivalent.
They do, however, have separate pros and cons.

MC@NLO POWHEG

» can have negative weights » weights always positive

» needs specific implementation » interfaces naturally to any PS
for each PS MonteCarlo (but now MonteCarlo
exists for both HERWIG and PYTHIA) » can generate large (NNLO)

» ‘rapidity dip’ in some K-factors in some distributions
distributions (but a practical solution is available)

» Distributions from NLO codes » not yet fully automated (but the
I"igOFOUS|)’ reproduced POWEG BOX is a step in this direction)

» fully automated in aMC@NLO
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MCs at NLO

Matrix-element corrected shower Monte Carlos still have
leading order accuracy for the total rates

R
di)rad} and Agr(Qo) /AR pT)Bd(I)rad =1

:>/dOMEC /BdCI)B = olO

R
doMFC = Bddp [AR(QO) + Agr(pr)

We want to do better, and merge PS and NLO, so that

/ do"HNEO = / (B+V)d®p + / Rd®p = o™
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MC@NLO

|dea: remove from the NLO the terms that are already
generated by the parton shower (NB.MC-specific)

It is easy to see that, as desired,

/dO_MC@NLO _ /dO_NLO
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POWHEG

|dea: generated hardest radiation first, then pass event to MC
for generation of subsequent, softer radiation

It is easy to see that, as desired,

/dOPOWHEG _ /dO_NLO
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Large pt enhancement in POWHEG

The ‘naive’ - R
formulation for dUPOWHEG — qu)B AR(QO) + AR(pT)Ed(I)rad
POWHEG is

In this form Bd® g provides the NLO K-factor (order |+ O(cs)),

but also associates it to large pt radiation, where the calculation is
already O(Xs) (but only LO accuracy).

""" MC@NLO . .
-2  POWHEG hoe ] This generates an effective (but not
---POWHEG h=my=400 GeV : 2 .
= oG b necessarily correct) O(Xs*) term (i.e.
g NNLO for the total cross section)
a 1079 F NLO
ﬂ§
3 OK because beyond nominal
ol accuracy, but one may feel
uncomfortable with such
T large numerical factors
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Modified POWHEG

The ‘problem’ with the naive POWHEG comes from the hard radiation being
enhanced by spurious higher orders. In order to suppress this effect, we split

P

_ pS I RS = R R = R
Contains / \ Regular in
singularities small pr region

S
doPOWHEG — B3P [AS(QO) + AS(pT)R—dCI)md] + R d®p

" \
BS — B = [V —+ /RS dq)rad] AS(pT) — €Xp [ _dq)rad]
pT

v
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Modified POWHEG

In the h— o limit the exact NLO result is recovered

Matteo Cacciari - LPTHE

10—2 3

103 x

do/dpy [pb/GeV]

""" MC@NLO

— POWHEG h-e -
--- POWHEG h=my=400 GeV }
---- POWHEG h=120 GeV !
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Comparisons

RMC’
B

1MC — Bao, [A(@@ + Alpr) ch>md]

R
do™M¥C = Bddp [AR(Qo) + AR(pT)Ed‘I)md]

doN1© = [B+ V]d®p + Rd®g

B RMC’
doMEONLC — B 1cd®p [AMC(QO) + Ay (pr) 5 dq)rad] +[R — RM€)d®g
_ RS
do"OWHES = B2 [AS(QO> + As(pT>Bd<I>md] + RFddp

POWHEG approaches MC@NLO if R> = RMC
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Slide from F. Maltoni

>

oL

Why ME+PS

MATRIX ELEMENTS VS. PARTON SHOWERS

ME

4

2. Computationally expensive
3. Limited number of particles
4. Valid when partons are hard and

5. Quantum interference correct
6. Needed for multi-jet description

Fixed order calculation

well separated

ThikTank on Physics@LHC, 05-09 Dec 201 |
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Slide from F. Maltoni Why M E+ PS

EI-MO6

MATRIX ELEMENTS VS. PARTON SHOWERS

ME Shower MC

4 4

|. Resums logs to all orders

2. Computationally cheap

3. No limit on particle multiplicity

4. Valid when partons are collinear
and/or soft

5. Partial interference through
angular ordering

6. Needed for hadronization

|. Fixed order calculation

2. Computationally expensive

3. Limited number of particles

4. Valid when partons are hard and
well separated

5. Quantum interference correct

6. Needed for multi-jet description

ThikTank on Physics@LHC, 05-09 Dec 201 | )
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Slide from F. Maltoni

=M Q6|

Why ME+PS

MATRIX ELEMENTS VS. PARTON SHOWERS

ME

4

|. Fixed order calculation

2. Computationally expensive

3. Limited number of particles

4. Valid when partons are hard and
well separated

5. Quantum interference correct

6. Needed for multi-jet description

Shower MC

4

|. Resums logs to all orders

2. Computationally cheap

3. No limit on particle multiplicity

4. Valid when partons are collinear
and/or soft

5. Partial interference through
angular ordering

6. Needed for hadronization

Approaches are complementary: merge them!

Difficulty: avoid double counting, ensure smooth distributions

ThikTank on Physics@LHC, 05-09 Dec 201 |
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