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NLO multi-leg highlights

Progresses in NLO calculation:

pp — W + 3 jets Blackhat (09) / Rocket (09)

pp — ttbb Denner-Dittmaier (09) / HELAC-NLO (09)

pp — Z(7) + 3 jets Blackhat (10)

pp — ttjj HELAC-NLO (10)

pp — WHW~bb Denner-Dittmaier (10) / HELAC-NLO (10)
ete™ — 5 jets Rocket (10)

pp — WTW™jj Rocket (10)

pp — Z(v) /W +4jets Blackhat (11)

pp — bbbb Golem / Samurai (11) Key Concept
pp — WTW~jj Rocket (11) AUTOMATION
pp — 4 jets Blackhat (11)
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Automation in NLO calculations

Different ingredients of a NLO calculation have also different
levels of automation according to their complexity:

Virtual corrections

Automatized recently:

FEYNARTS/FORMCALC/LOOPTOOLS (public)
[Hahn et al.]

HELAC-NLO (public) [Bevilacqua, Czakon, van Hameren,
Papadopoulos, Pittau, Worek 11]

\YETle Loop [Hirschi,Frederix,Frixione,Garzelli,
Maltoni,Pittau 11]

NGLUON (public)y  [Badger, Biedermann, Uwer 10]

Real
corrections

Virtual Subtraction

corrections terms GoSam (public) [Cullen, Greiner, Heinrich, GL, Mastrolia,

Ossola, Reiter, Tramontano 11]

Dedicated programs also involve high level
of automation:
Denner, Dittmaier, Pozzorini et al., VBFNLO (public),

MCFM (public), BLACKHAT, ROCKET
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Progresses in NLO calculation

Evolution from collection of pre-coded processes...

Hl

.. to generation of full NLO processes by the user “on the fly

Possible thanks to pioneering works:

improvements on the computation of tensor integrals,
[Binoth et al. GOLEMO95; Denner, Dittmaier]

application of unitarity to the computation of the one loop amplitudes,
[Bern, Dixon, Kosower; Britto, Cachazo, Feng]

reduction at the integrand level.
[Ossola, Papadopoulos, Pittau; Ellis, Giele, Kunszt, Melnikov]

FOCUS MORE ON PHENOMENOLOGY
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The GoSam Project: phylosophy

(General One Loop Evaluator of Vatrix elements)

Samurai (Scattering Amplitudes from Unitarity based Reduction At Integrand level)

An automated amplitude generation based on Feynman diagrams
Based upon:

Algebraic generation of D-dimensional integrands via Feynman
diagrams

Reduction at the integrand level via D-dimensional extension
of the OPP method

Generation on the fly of the full rational term
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The GoSam Project: goals

Main targets:

Provide an automated tool for stable evaluation of one-
loop matrix elements

Be general and model independent (QCD, EW, MSSM, ...)

Interface with existing tools (MadEvent, Sherpa,
POWHEG-BOX, ...)

Build upon open source tools only (next slide)

Support open standards (for interfacing)
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The GoSam Project: the codes

Diagram generation:
QGRAF [Nogueira 92]
Algebra:

FORM [Vermaseren 91]

Code generator:

HAGGIES [Reiter 09]

GoSam

Python package to write code (fortran95)

Generated code execution
Loop integral reduction:
SAMURAI [Mastrolia, Ossola, Reiter, Tramontano 10]

GOLEMO95 [Binoth, Cullen, Guillet, Heinrich, Pilon,
Reiter 08]

PJFRY [Yundin]

SPINNEY [Cullen, Koch-Janusz, Reiter 10] Scalar integral evaluation:

AVHOLO [van Hameren]

QCDLOOQORP [Ellis, Zanderighi]

GOLEMO95C [cullen, Guillet, Heinrich, Kleinschmidt,
Pilon, Reiter, Rodgers 11]
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Reduction methods

SAMURAI

[Mastrolia, Ossola, Reiter, Tramontano 10]

Reduction method can
be choosen at runtime

Tensorial integrand-level reconstruction

[Heinrich, Ossola, Reiter, Tramontano 10]

with
GOLEM95C [Binoth, Cullen, Guillet, Heinrich, Kleinschmidt, Pilon, Reiter, Rodgers 11]
SAM U RAI [Mastrolia, Ossola, Reiter, Tramontano 10]

PJ Fry [Yundin]
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A Walk through GoSam...

GoSam as a standalone code

Interfacing with an external Monte Carlo
program:

The BLHA-interface

An example with Sherpa
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GoSam as standalone code

Preparation of the input card “myprocess.rc”:

#!/bin/env /mt/home/luisonig/bin/gosam.py

freesie GEle=i Look for example at
process_path=./ttH_virtual ai ‘ it ducti
HitH# physics options ##t#H## '1665-10p-antitop procuction
in=g,g # accepts also PDG codes

out=H,t,t™

order=gs, 2, 4 Models can be imported

from FeynRules or LanHEP
model=smdiag
model.options= masses: mT mH, width: none, \

alpha: 0.0072973525376, mZ: 92.0584, mW: 80.376, \
mT: 172.6, mH: 130.0, Nf:5, Nfgen:1 Specify which parameters should be

zero=mU,mD,mC,mS,mB,wT,wB,wW,wZ,wH set ALGEBRAICALLY to zero or one

one=gs,e

symmetries=family,generation

helicities=[+-][+-]0[+-][+-] Options on helicity and
—

qgraf.options=onshell,notadpole,nosnail loop diagrams
ggraf.verbatim=true=iprop|[D,S,C,B, 0, 0]
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GoSam as standalone code

Preparation of the input card “myprocess.rc” (continued):
#### program options ###H#

extensions=samurai, golem95, dred

# abbrev.level=helicity # group , diagram
# abbrev.limit=0

Several other extension and options

form.bin=tform )
available.

form.tempdir=/tmp

fc.bin=gfortran -02 For further details check our user

manual:
samurai.fcflags=-l${HOM E}/include/samurai http://www.hepforge.org/archive/gosam/gosam-1.0.pdf

samurai.ldflags=-L${HOME}/lib/ -lgcdloop -lavh_olo \
-lsamurai
samurai.version=2.1.1

golem95.fcflags=-I${HOME}/include/golem95
golem95.ldflags=-L${HOME}/lib/ -Igolem
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E ]
File Edit View Scrollback Bockmarks Settings Help
luisonig@D22 :ggttHS ./makevirt
———>» Creating code for wirtual part...
-—-> Generating code for amplitudes...
make -f Makefile.source source
Entering directory “/scratch/luisonig/GoSam Processes/ttH/ggttH/ttH wirtual'
Entering directory "“/scratch/luisonig/GoSam Processes/ttH/ggttH/ttH_virtual/doc’
Nothing to be done for “source'.
Leaving directory “/scratch/luisonig/GoSam_ Processes/ttH/ggttH/ttH_wvirtual/doc’
Entering directory ~/scratch/luisonig/GoSam_Processes/ttH/ggttH/ttH_wirtual/common'
FORM is generating coler.txt
0.01 sec + 0.13 sec: 0.15 sec out of 0.10 sec
haggies is generating ecoclor.f90
haggies is generating model.f90
FORM is generating version.out
0.00 sec + 0.00 sec: 0.00 sec out of 0.00 sec
haggies is generating version.f90
make[2]: Leaving directory “fBcrﬁtchfluiaoningoSﬁm_ProceaaeafttHfggttHfttH_viItuﬁlfcommon'
make[2]: Entering directory “/scratch/luisonig/GoSam Processes/ttH/ggttH/ttH _virtual/helicityo’
Form is processing tree diagram 1 @ Helicity 0
0.02 sec + 0.11 sec: 0.13 sec out of 0.08 sec
Form is processing tree diagram 2 @ Helicity 0
0.01 sec + 0.11 sec: 0.13 sec out of 0.08 sec
Form is processing tree diagram 3 @ Helicity 0
0.02 sec + 0.06 sec: 0.09 sec out of 0.06 see
Form is processing tree diagram 4 @ Helicity 0




GoSam as standalone code

Check produced code with automatic generated
documentation before the full generation/run

GoSam 1.0: gg — Htt

o

Index : .
luisonig

—_—

2012-02-19 (22:10:59)

DU W N

Abstract

consists of & tree-level diagrams and 160 NLO diagrams.
Golem has identified 15 groups of NLO diagrams by analyzing their one-
loop integrals.

7

8 — 4

Documentation contains information about

the generated helicities

e e I B B e S B I B I
e T B e B B e e R R A L
I S S S B B S S B

R

the colour basis
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GoSam as standalone code

Loop diagrams are grouped into sets of diagrams which share loop propagators

5.4  Group 3 (5-Point) Loop diagrams are grouped into sets of diagrams which share loop-propagators.
General Information A loop integral can be written as
The maximum effective rank in this group is 4. drk N [;q J

—5 — . - - (16)
r1=—ke+ ks, my =1y e ]-_-[j=1 N [Lﬂ. + 'I“_?'Jz o mf o i'mjrj + ‘“5]

r2 = —kz For each group we list r;. m; and I';. For m; and I'; only non-vanishing svmbols

are listed. Furthermore, we give the matrix S which is defined as

—m? —imaIa — mﬁ —imgls. (17)

r3=10
My = My
v 2
?"5=—k3—k4, Ms = My |5Qﬁ — {'TQ - ?‘,5':]

Sip 0 S5 Sia Sy, R (k)
0 0 0 Spy S &
Sy 0O 0 0

S41 Sao 0 Siy

Ss1 Ssa S5z Ssa

.5‘1 1= —Zm?
£(ks)
Diagram 23 Diagram 58

-5‘1,4 = —Em? + 845 + mi: — 893 — S99 S = c’g’_:‘iq (—k2)® k=2 5= Sg_})_q, rh=23

S13 = —851 + 834 — Sp2

k - t(ky)
9( 2}1\[})\ ffﬁs) \

g}f""'ﬁ

= —Zm?

2 /H(RsJ
= 851 — Sg3 — Sz4 T My
851 — ?‘Tl?

g2 B I*l‘.
t(kU -+ I
—m} + sz \jif QQ% (F YO
3 glka)
2 (k1)

—2m;

t»
) Cy(ky)
4

9.2 2 \ /
2m; +my Hks) t{ks)
Sk.5 = —Zm? Diagram 69 Diagram 158

=88 sy TR=3 8" = S0y _q_(—t3—k4), Tk =4
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GoSam as standalone code

When the full code is ready:
Contributions divided in directories by helicity

ual: bash

File Edit Wiew Scrollback FBookmarks Settings

luisonig@D22:ttH_wvirtuals ls ~
diagrams-0.hh diagrams-1.log Makefile.conf model .hh
diagrams-0.log Makefile.source

config.sh diagrams-1.hh Makefile

luisonig@Dzz:ttH virtuals I

=
File Edit WView Scrollback Bookmarks Settings Help

luisonig@D22 :matrix$ ls

debug.xml Makefile Makefile.source matrix.f90 test.exe test.f90~ +tth matrix.mod
ltest.dat Makefile.dep matrix.a matrix.o test.f90 test.o

luisonig@D22 imatrixs I

»Output of test.exe: Generated code comes with
LO: 0.6918083437862626E-04 . .
test.exe routine which allows to

NLO, finite part: 17.78339386183546
check cancellation of poles with

#

#

# NLO, single pole: -9.484483151742308

# NLO, double pole: -6.000000000000000

: built-in integrated dipoles:
#

IR, single pole: -9.484483151741490
IR, double pole: -5.999999999999999

Time/Event [ms]: 280.000 make test.exe
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Example: pp—Htt

Generation time: 1h 20min Compilation time: 3h 6min Time for 1 PS point: 280 ms
Machine: Intel Core Quad CPU Q6600 @ 2.4 GHz / 6 GB RAM
Process generated in DRED and converted to CDR at runtime

250.0 (.0 0.0

250.0 [).0) 0.0
5

result gg — ttH
GoSaM Ref. [39]

parameters
Ny
Ntn
0.1076395107858145
246.21835258713082

Comparison with MadLoop [Hirschi,Frederix,Frixione,Garzelli, Maltoni,Pittau 11]
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GoSam: further tested calculations

qq — bbbb ud — W + bb — eTv.bb with massive b’s
i ud — W + g — eTveg EW corrections
qq — ttbb ete™ — Z — ddg

gg — ttbb ete™ — Z — bbg with massive b’s

ud —s W+ ggg Y — Yy

un — Hitt ud — WTW+ se — etu, ;ﬁfzpsﬁ

gg — Hitt ue — WTW+ce — etvepty,ce

ud — W + 55 — etv,.s5 ud — WTW 5c — eTveutv, e

ud — W + g9 — et r.gg plus a large number of 2 to 2 processes

dd — Z g9 — ete gg

'@‘ IPPP, University of Durham
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WHW- + 2 jets @ NLO with GoSam

[Greiner, Heinrich, Mastrolia, Ossola, Reiter, Tramontano 12]

First application of GoSam for the calculation of previously
unknown NLO contributions:

Part A: no 3" gen. quarks in fermion loops and VB attached to closed fermion loops,
[Melia, Melnikov, Rontsch, Zanderighi 11]

Part B: VB attached to closed fermion loops,

Part C: 3™ gen. quarks in the loops.

=0.001

=X
3
=}
T
L
-

o
[=]
o
o
o
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GoSam: interface with MC

GoSam supports the Binoth-Les-Houches-Accord (BLHA)
standards to interface with Monte Carlo generators:

Monte Carlo program: Real corrections
Born / real corr. / sub. terms

One-loop Program (OLP):

virtual corr.

Pre-runtime comunication via
“order” and “contract” files

At runtime:
OLP_ Start()
OLP EvalSubProcess|() Subtraction
Virtual corrections terms
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BLHA-interface: order & contract

MC

write order file

read contract file

OLP

call OLP_Start

call OLP_Eval—
Subprocess

Code Generation and Linking

read order file

write contract file

initialize OLP

compute result

initialization
phase

runtime
phase

4 return result
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In practice: GoSam+ Sherpa

2.PhylP3.Dur.ac. UK

Edit Options Buffers Tools Help

L1h

Sherpa

rippeddff

GoSam produces
only the code

File
luisonig@D22:Virtuals ls

Edit View Scrollback Bookmarks Settings

aclocal .md config.log configure.ac libgolem olp.la Makefile.am olp module.f90 H

autogen.sh config.sh gosam.rec libtool Makefile.in olp module.lo StrICtly needed
config.status olp module.mod -(j-
configure Makefile olp.h olp meodule.o avol Ing

luisonig@D22 :Virtuals I

redundancies and
exploiting crossing-
symmetry
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In practice: GoSam+ Sherpa

Few steps needed to compute e.g. Z+1 jet @NLO:
Prepare Sherpa card according to your need and run it once

« The “order” file and the necessary tree-level code is generated

Run GoSam feeding the “order” file and a configuration file with
further needed inputs (paths / filtering options / ...)

« Run GoSam with “autotools” extension will make it easy to produce a dynamical
library which can be linked to Sherpa

After the virtual code is set up, generate and compile it with
configure / make / make install

The produced library 1ibgolem olp.so must be added to the
SHERPA LDADD option in the Sherpa card

HAVE FUN WITH PHENOMENOLOGY
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GoSam+Sherpa vs MCFM: W™+ 2 jets

W’ + 2 jets: transverse momentum of leading jet W’ + 2 jets: pseudorapidity of second leading jet

GoSam+Sherpa
LHC at 7 TeV
LHC at 7 TeV GoSam+Sherpa a e MCFM
MCFM

Parton-level, NLO
Parton-level, NLO

b/GeV
dp, (p )

do

uo=p =H;

iminary

Qo
et
o

(GeSam-MCFM)/MCFM
(GoSam-MCFM)/MCFM

TIMINGS: NUMBER OF EVENTS: PHYSICS:

Set-up Born : 5'000'000 x 2 LHC 7 TeV
Virtual: < 1 min 30 sec Real : 50'000'000 x 20

Generation & Compilation Virtual: 1'000'000 x 10 Cuts
Virtual: ~2h 30 min pt_jet >20 GeV

Running eta_jet<4.0
Born :~20 min kt_alg, R=0.7
Real :~18h 30 min
Virtual: ~ 13h Scale HT

Machine Intel(R) Core(TM)2 Quad CPU Q6600 @ 2.40GHz PDFs CT10.LHgrid
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GoSam+Sherpa vs Melia et al.: W"W™* + 2 jets

W'W" + 2 jets: transverse momentum of second leading jet

W'W"* + 2 jets: transverse momentum of leading jet

GoSam+Sherpa

t
t

S (fb/GeV)
P,

d
d

S (fb/GeV)
P

GoSam+Sherpa E‘
o

LHC at 14 TeV LHC at 14 TeV Ref. Literature

Ref. Literature

Parton-level, NLO

Mo=H = 150 GeV Parton-level, NLO

W= = 150 GeV

iminary
d
d

Prel

Reference Literature:
Melia, Melnikov, Roentsch, Zanderighi, '
JHEP 1012 (2010) 053, [arXiv:1007.5313] Reference Literature:
Melia, Melnikov, Roentsch, Zanderighi,
JHEP 1012 (2010) 053, [arXiv:1007.5313]

(GoSam-Ref.Lit.J/Ref.Lit.
(GoSam-Ref.Lit.J/Ref.Lit.

TIMINGS: NUMBER OF EVENTS: PHYSICS:
Set-up Born : 1'000'000 x 10 LHC 7 TeV
Virtual: < 1 min 30 sec Real : 50'000'000 x 10
Generation & Compilation Virtual: 1°000'000 x 10 Cuts
Virtual: ~ 7h 25 min pt_lep >20 GeV
Running |eta_lep| <2.4
Born :~ 30 min pt_miss >30 GeV
Real :~13h 30 min antikt_alg, R=0.4
Virtual: ~ 7h
Scale 150 GeV
Machine Intel(R) Core(TM)2 Quad CPU Q6600 @ 2.40GHz
PDFs MSTW2008nlo.LHgrid
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GoSam+ Sherpa: comments

Automatized NLO calculations with GoSam+Sherpa
Two codes can be linked with very few commands

High level of automation and optimization in the
generated code

Sherpa 1.4.0 (released yesterday!) has the BLHA-interface
active and is fully equiped to interface with GoSam

Some ready-to-use packages for 2->2, 2->3, 2->4 processes
to be used with Sherpa will become available (no
need to run GoSam locally)

[http://projects.hepforge.org/gosam/proc/]
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Conclusions and Outlook

is a code for the computation of one-loop multi-leg amplitudes
Based on

Uses D-dimensional reduction tecniques http://projects.hepforge.org/gosam/
and broadly applicable tool

with MC event generator to perform full NLO calculations

Possibilities for precision studies using NLO parton-level matched with
parton-shower and with hadronization effects just around the corner
Possible to steer everything by just editing a single input card

We look forward to interfacing with other
tools and performing NLO analyses for the LHC
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Backup slides...
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Reduction methods: Samurai [default]

[Mastrolia, Ossola, Reiter, Tramontano 10]
OPP reduction algorithm  [Ossola, Papadopoulos, Pittau 07]
D-dimensional extension [Ellis, Giele, Kunszt, Melnikov 08]
Coefficient of polynomials via DFT  [Mastrolia et al. 08]
Computation of the full rational term in one go [Internal GoSam algebraic handling]

For any one-loop amplitude:

A = ddQDDDI F({"%H_l ;  N(q,€) = No(q) + eN1(q) + €2 N2(q)

B - 2 2 2 2 2 — ;
Di=(q+pi) —mi=(q+pi)°—mi—p° . =g+ ;. ¢ =q¢—p*

Result of integration can be expressed as linear combination of scalar integrals: Integrals with 4 in

. . the numerator
boxes, triangles, bubbles, tadpoles and rational terms

m—1 m—1 m—1 m—1 \

An = Z d(igi1iaiz)Do(ioi1i2i3) + Z c(ioi1iz)Co(ioi1iz) + Z b(ioi1) Bo(ioi1) + Z a(io)Ao(io) + R

to<i1 <ig<iz i <i1 <ig t0<i1 iQ
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Reduction methods: Tensorial Reconstr.

[Heinrich, Ossola, Reiter, Tramontano 10]
Tensorial reconstruction convoluted with tensor integrals:

Rewrite numerator function as linear combination of tensors

R
N(Q) = Zcpl---mqm s oo Ul
r=0

ChropirpsGr = D, Cil i - (@)™ (42)™ (93)™ (q0)™

(21,%2,i3,74)F7

Determine the coefficients by samplingin g,, in a bottom-up approach

if Q,u, — (‘T?y?zﬁu}) then N(q) — N(l Y, 2, u)
Level-0 ¢=(0,0,0,0) ; AN(0,0,0,0) =N =

Level-1 4 systems, each sampling a monomial depending on one component of q,, only
N (q) =N(q) =N T "
ows to avol
g=(2,0,0,00 = NY(z,0,0,00=2C, +2°Cp; +... +28C11 1

; 3 numerical

R times

instabilities due to
= (0,v,0,0 (1) S 2 R A INS
¢=1(0,4,0,0) = N1(0,4,0,00=yCr+y*Carr+...+ ¢y Coa 9 gl v

R times

' ‘ determinants
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Derive & Numpolvec

The latest version of GoSam also implements two new

features to improve speed and precision:

derive: computes the numerator by expanding it in a Tayor series

1 d 9 ...
N(q)

AL AV

g=0 T 9" @ — =
=0T 8g, 04,

. N ., O
N(q) — _N"([]) + ¢ ()—“N((I) g=0+ - - .

qu

one-to-one correspondence between derivatives at cj = () and the
coefficients of the tensor integrals

numpolvec: uses numerical polarization vectors for external massless
gauge bosons

- this allows to reduce the code by generating only few helicities
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3-Steps to the Loop Amplitude

@‘ IPPP, University of Durham G.Luisoni, 20 March 2012 - LHCPhenoNet workshop -

e Python program writes code files from template

e QGRAPH writes structure of diagrams
Code set-up

/

Code creation

nd compilation
e Fortran code computes amplitudes
e SAMURAI/GOLEMO95/... called to reduce integrals
Code execution e AVHOLO/QCDLOOP/... called to evaluate scalar integrals

/

e Fortran code is compiled and amplitudes are written
e FORM & SPINNEY read and manipulates amplitudes
e HAGGIES optimizes expressions and writes fortran code

31



Reduction: strategies

Tensorial
reconstruction

Golem95C

reduction =0,2

yes
Samurai

reduction =0

reduction = 3,4 or

PIFry

yes

Samurai
(recon. numerator)

reduction =3
or test ok

or test ok

yes
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GoSam+Sherpa vs MCFM: W+1 jet

W’ + 1 jet: transverse momentum of leading jet W' + 1 jet: pseudorapidity of leading jet

S (pb/GeV)

d
dp

LHC at 7 TeV GoSam+Sherpa GoSam+Sherpa
MCFM LHC at 7 TeV MCFM

Parton-level, NLO

Parton-level, NLO po=p =H;
Mo =p =H; —_ " "

(GeSam-MCFM)/MCFM
(GeSam-MCFM)/MCFM

TIMINGS: NUMBER OF EVENTS: PHYSICS:

Set-up Born : 50'000'000 LHC 7 TeV
Virtual: < 10 sec Real : 50'000'000 x 5

Generation & Compilation Virtual: 5'000'000 x 5 Cuts
Virtual: < 2 min pt_jet >20 GeV

Running eta_jet<4.0
Born :<2h kt_alg, R=0.7
Real :~4h 20 min
Virtual: ~ 1h 10 min Scale HT

Machine Intel(R) Core(TM)2 Quad CPU Q6600 @ 2.40GHz PDFs CT10.LHgrid
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GoSam+Sherpa vs MCFM: Z+1 jet

Z° + 1 jet: transverse momentum of leading jet Z° + 1 jet: pseudorapidity of leading jet

(pb/GeV)

do
d P,

LHC at 7 TeV GoSam+Sherpa LHC at 7 TeV GoSam+Sherpa
MCFM MCFM

Parton-level, NLO

1=p =H
Parton-level, NLO He=n, =hy
uo=p =H;

(GoSam-MCFM)/MCFM
(GoSam-MCFM)/MCFM

TIMINGS: NUMBER OF EVENTS: PHYSICS:
Set-up Born : 5'000'000 LHC 7 TeV
Virtual: < 20 sec Real : 50'000'000 x 6
Generation & Compilation Virtual: 5'000'000 x 6 Cuts
Virtual: < 25 min pt_jet >20 GeV
Running eta_jet<4.0
Born :<2h kt_alg, R=0.7
Real :~5h m(e+e-) > 15 GeV
Virtual: ~ 15h 30 min
Scale HT
Machine Intel(R) Core(TM)2 Quad CPU Q6600 @ 2.40GHz
PDFs CT10.LHgrid
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BSM physics with GoSam

New models can be added via

FeynRules [Christensen, Duhr] LanHEP [Semenov]

Allows to compute one-loop corrections also for BSM
phenomenology

Example: pp — '\K.[l}'\ﬁl} in MSSM
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Veto:
pt_jet > 20 GeV
eta_jet<4.5

800 1000 1200 1400 1600
Scale Mz m(N11,N12) [GeV]

' ‘ [Figure by G.Cullen and N.Greiner ]
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