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» Quantitative predictions need NLO accuracy

» Virtual corrections in massless QCD with NJET [https://bitbucket.org/njet/njet]
s full colour one-loop amplitudes 2,3,4 and 5 jets

» NLO corrections to 3 and 4 jet production at the LHC

s Validation with 4 jet production at 7 TeV
[ 1st by BLACKHAT arXiv:1112.3940]

s Full distributions for p and n at 8 TeV

Based on work with
Benedikt Biedermann, Peter Uwer and Valery Yundin
arXiv:1209.098, arXiv:1209.0100
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# Unitarity : Re-cycle tree amplitudes into one-loop amplitudes.
s gluonic radiation difficult with Feynman diagram approach
s complex momenta allow us to work fully on-shell

# Basic primitive amplitudes - unique set of ordered propagator

e

Berends-Giele recursion relations for tree-level input

# Rational terms from 4-D massive tree amplitudes (D-dimensional cuts)
[SB (2009)]

® NGLuoN Public C++ library for high multiplicity [sB, Biedermann, Uwer arxiv:1011.2900]
» Qb package for quadruple precision [Hida,Bailey,Li]
» Scalar loop integrals from QCDLoor/FF [Ellis, Zanderighi]
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#® NGLuon extended to treat arbitrary multi-fermion primitives

# Two classes:
s Those with mixed fermion and gluon propagators (I, =gluon)
s Those with internal fermion loops (I, =quark)




Primitive amplitudes have polynomial growth of computation time with number of legs
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# Using standard colour decomposition

An(pq,) — ZTC({a’i})An;C(pla voee ,p'n,)

Te.({a;}) - colour basis in terms of T¢, An;c - partial amplitudes
» Given explicit form of T,.({a;}) we can compute the matrix C..

O' -~ ZAtreeTC Al IOOp
hel.

# Partial amplitudes computed from linear combinations of primitives
Apid o~ 52y e (N AT 4 Ny (ve) A3l
# Known all multiplicity examples: [Del Duca, Dixon, Maltoni (1999)]
s gluons - (n—1)!/2 x (n —2)!
s qq+gluons-(n—1)! x (n—2)!
# Closed form for multi-quark processes unknown
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#» Feynman diagram matching procedure [Ellis, Giele,Kunszt,Melnikov,Zanderighi]

[Ita,Ozeren]

# General implementation : ggraf+FORM+Mathematica [arXiv:1209.0100]

(+1 even order
(primitive); = » ~ M, kinematic(diagram;), ~ M;; = § —1 odd order

J \O no order

linear system P; = M,, K; can be solved to find

A'71ooP =N " colour(diagram, ) > B,/ (primitive)
J i’

as a function of independent primitives.
M;; contains diagram symmetries incl. Furry’s theorem.

» Tested up to 8 external legs




Numbers primitive amplitudes in pp — 2, 3,4 and 5 jets:

process | tree | mixed | fermionloop || process | tree | mixed | fermion loop
0g4g 2 3 3 0g5¢g 6 12 12
2429 2 6 1 20939 6 24 6
4909 1 4 1 4919 3 16 3

process | tree | mixed | fermionloop || process | tree | mixed | fermion loop
0g6g 24 60 60 0g7g 120 360 360
20449 24 120 33 205¢g 120 720 230
4029 12 80 13 4939 60 480 75
690g 4 32 4 6919 20 192 20




Estimate precision with momentum scaling test - two amplitude evaluations

Accuracy = logq (

Z(ANJET T ANJET

gg — 5g

103 L

102 1

10t

Number of events

HHH L

10°

-]I.5 -10 -5
Accuracy

® thick lines - single double precision

ANJET

Number of events

NJET

scaled
o Ascaled )

103 L

10?

10t

10° b

dd — dd + 3g

_"1“0 -5
Accuracy

® thin lines - quadruple precision for points with accuracy < —4

Since this is a statistical test, best to play safe by a couple of digits.
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# Full col. and hel. sums including accuracy test [clang, intel core i7 3.33GHz]

process  Tyql[s]  Tydigits[S] (% fixed) process  Tyql[s] Tydigits[S] (% fixed)
49 0.030 0.030 (0.00) 59 0.22 0.22 (0.22)
2u2g 0.032 0.032 (0.00) 2u3g 0.34 0.35 (0.06)
2u2d 0.011 0.011 (0.00) 2u2d1g 0.11 0.11 (0.00)
4u 0.022 0.022 (0.00) 4ulg 0.22 0.22 (0.03)
process  Tygl[s]  Tydigis[S] (% fixed) process Tsals]  Tydigits[S] (% fixed)
69 6.19 6.81 (1.37) 79 171.3 276.7 (8.63)
2u4g 7.19 7.40 (0.38) 2u5g 195.1 241.2 (3.25)
2u2d2g 2.05 2.06 (0.08) 2u2d3g 45.7 48.8 (0.88)
4u2g 4.08 4.15 (0.21) 4u3g 92.5 101.5 (1.29)
2u2d2s 0.38 0.38 (0.00) 2u2d2slg 7.9 8.1 (0.23)
2u4d 0.74 0.74 (0.00) 2u4dlg 15.8 16.2 (0.29)
6u 2.16 2.17 (0.02) 6ulg 47.1 48.6 (0.41)
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Make use of Bose symmetry in the final state phase space:

(n—=2)! (n—1)!/2

tree 1—loo
Tyoniy = [ ALIPS, DD AL C AL

(?’L 2)'n 1

( ) /dLIPS Z Z A;c%r;eCeT . C;ics,ym . Aib;—clloop,dsym
c=1 c¢’'=1
99 =29 | 99 =39 | 99 = 49 | 99 — 5g
standard sum 0.03 0.22 6.19 171.31
de-symmetrized 0.03 0.07 0.57 3.07




[Binoth et al. arXiv:1001.1307]

order.lh write order file

process with python script

create contract file, check options etc.

OLP_Start("contract.Ih",status) link to “bnjet o
OLP_EvalSubProcess(men,pp, Start called once to initialize

mur,alphas,rval) EvalSubProcess to call amplitude

v

born Returned values are Born, 1/€2, 1/, finite

virt[0,-1,-2] ) _
error[0,-1,~2] (optionally also error estimates)




contract file

order file

# OLE_order for 5jet production # OLE_order for 5jet production
# Generated file. Do not edit by hand.
# Signed by NJet 3900867518.
# 12 1 1e-05 0.01 01111035

MatrixElementSquareType CHsummed MatrixElementSquareType CHsummed | OK

CorrectionType QCD CorrectionType QCD | OK

IRregularisation CDR IRregularisation CDR | OK

AlphasPower 5 AlphasPower 5 | OK

# process list # process list

21 21 -> 21 21 21 21 21 2121 ->2121 212121 | 11#701204640(-2-1345¢6T7)
1-1->2121212121 1-1->2121212121 | 12#71120490 (-1 -234567)
1-1->21-222121 1-1->21-222121]113#726490 (-1 -24536T7)
1-1->21-112121 1-1->21-112121]114#736490(-1-245236T7)
1-1->21-22-33 1-1->21-22-33|15#741490(-1-24567 3)
1-1->21-22-22 1-1->21-22-22]16#754490(1-245¢67 3)
1-1->21-11-11 1-1->21-11-111]17#764490(1-245¢67 3)

Additional BLHA options

» NJetReturnAccuracy — return accuracy estimates
NJetSwitchAcc  — control accuracy threshold default = 10—°
NJetType - loop(default), loopds, tree
NJetNf — number of light flavours (default = 5)

o o o o

NJetNc — number of colours (default = 3)




Recent progress in Fixed NLO corrections:

1-loop amplitudes: 2 — 2 [Ellis, Sexton (1985)],[Kunszt, Signer, Trocsanyi (1994)]
2 — 3 [Bern, Dixon, Kosower (1993,1994)],[Kunszt, Signer, Trocsanyi (1994)]

» pp — 2jets [Kunszt, Soper (1992)]
[Giele, Glover, Kosower (1993)]

» pp — 3 jets [only gluons Trocsanyi (2003)]
[only gluons Giele, Kilgore (1997)]
[Nagy NLOJET++ (2003)]

o pp — 4 jets [Bern et al. BLACKHAT (2012)]
[SB, Biedermann, Uwer, Yundin (2013)]

Large amounts of real radiation still make the 2 — 4 process challenging
On-shell approach particularly effective for the pure gluon channels
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# Interface NJeT to SHErPA Via the BLHA

s AMEGIC++ tree level matrix elements [Krauss, Kuhn, Soff (2002)]
» Automated Catani-Seymour subtraction scheme [Gleisberg, Krauss (2008)]
s FASTJET [Caccari, Salam, Soyez]
o ATLAS multi-jet cuts [arXiv:1107.2092]

leading jet pr > 80 GeV, pr > 60 GeV,
n| < 2.8, anti-kt R = 0.4, MSTW2008 PDFs
R = pur = Hp /2 (scale variations x2 —1/2)

» Full agreement with /s = 7 TeV results from BLACKHAT+SHERPA

3 jets 4 jets
oLo 126.65(0.05) 7505 nb | 14.36(0.01)1 %% nb New results at
ONLO 72.57(0.16) 155 g nb | 8.15(0.09) 575, nb [arXiv:1209.098]

08 Tev/ 07 Tev ~ 35% ~ 46%
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3/4 jet ratio increases at NLO
(except at low p)
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®» Large corrections from NLO as
(NLO) / (Born w/ NLO pdfs) ~ 0.2 — 0.25
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» |ow pr region expected to receive
large corrections from soft logs, c.f.
di-jets w/ PS matching

[ POWHEG Alioli et al. (2011)]
[ MC@NLO Hoeche, Schoenherr (2012)]

e e et nroduction at NLO with NJeT — . 1920



# NJET : numerical evaluation of one-loop amplitudes in massless QCD.
https://bitbucket.org/njet/njet

» General construction for primitive and partial amplitudes.
Fast and reliable results.

e

» Full colour for < 5 jets.
For more jets leading colour approx. may be necessary.

» Easy to use BLHA interface

» Phenomenological studies for 3 and 4 jet production @ LHC with NJeT
and SHERPA

» Real radiation for more jets will be very challenging
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3 Scaling Test vs Analytic Formulae
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