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Recap of second lecture

| DIS provides the best scenario to study proton structure

| Parton Model : scattering is an incoherent sum of partonic c}
sections

| Factorization allows us to compute the partonic cross sectioj
perturbatively and at the same time implies that parton
distributions are universal y

| IR divergences appear again but do not cancel completely :
must be factorized in parton distributions

. . R
| Parton distributions are scale dependent. Evolution
perturbatively determined by DGLAP equations
| PDFs are extracted by global analysis. Also statistical
uncertainties are determined )

| Still some issues in PDF extraction : uncertainties, coupling
constant, but continuous imgrovements



The perturbative toolkit for precision at colliders
State of the Art




Qutline of the lecturei3

QCD at Colliders
Why higher orders?
How to do NLO

Automated tools at NLO



QCD at Colliders

proton - (anti)proton cross sections
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Most of the collisions correspond to soft physics: non-perturbative
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Most interesting (new) physics involves large scales
Kinematics relevant in hadronic colliders

p* = (E,px.Py,P;)  Pnal state particle

p" = (mt coshy, pr sin!, p 1 cos!, m 1 sinhy)

Transverse mass mry = | ps + m?
Rapidity pseudo-rapidity
1 E+p massles:
= = : | = | "
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Most interesting (new) physics involves large scales

Mass, invariant mass, transverse momentu

X large scale involvedO(! ocp/Q)

Factorization of singularities in parton distributions exactly as in DI

I 1 1

| (P, p2) = i dxs o dXo fam , (X1, UE) Forn, (X2, UE)
a,b

| Ban(X1P1, X2P2, " s(UR)s MR s LE)
Two unphysical scalegiz ! uf ! Q°



LO : number of tools to compute tree level amplitudes
Fully automated calculations for very large multiplicities

MADGRAPH, HELAC-PHEGAS, ALPGEN,
SHERPA, ComHep, COMIX,...

Q | Prosof LO calculations

Fast (until recently the only option for many observables)
Simpler to integrate calculation to parton showers
Many tools available (tested!)

Consof LO calculations

""\t |

In most cases, not enough for precision physics : only qualit:
Large scale dependence
No control on normalization (poor on shapes)

No Control on uncertainties
9



Why higher order corrections?



Why higher order corrections?

-30
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11



| Accurate Theoretical Predictions
Scale dependence: Prst error estimate

According to Omaster formulaO

I 1 1

| (P, p2) = i dxy i dX2 fam , (X1, HE) Forn, (X2, HE)
a,b

| Bap(X1p1, X2P2," s(MZ), U3, P2)

¥?2 unphysical scales : dependence cancels if computed to all ord

MR Renormalization scale
ME Factorization scale

¥ after OperturbativeO truncation: unphysical dependence remail

¥ (naive) estimate of size of missing higher orders
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o(eTe~ — hadrons)

Go back to our Owell-known( Rhad = - -
olete — ptpu—)

- L s(?)
At NLO the result is Rhad = RO 1+ S,,

Scale dependencat which scale evaluate the coupling?

Scale is unphysical, in principle any value possible,

According to RGE, dependence cancels if observable computed t
orders in perturbation theory
The renormalization group equations tell u
! 2
! S(HZ) — - S(“‘CZ)) =
1+ "o!s(H5)log uZ
Expanded to Prst order reads

2
Ls(M?) = Ts(ug) ! 1 E(uE) "o Iog“—2 + o
13 “O



' | 2 2
Rhag = R@ 1+ 'Sf,“O) | Eg(pg)#o Iog%ﬂ
0

Notice that if computed to NLO, scale dependence appears at NNL
Coefbcients in general depend b®GSof ratios of energy scales

For single scalproblems (as here), it is convenient to chose
renormalization (and factorization) scales close to the energy scale
the process to avoid the appearancel@ige logarithmic termthat can
spoil the convergence of the expansian~ ¢}

TH uncertaintiesare usually estimated by performing scale variatio
provides a lower limit on the size of missing higher-order contributi

&

If scale dependence is large then large higher order correction
expectedfor sure (should cancel that!)

If scale dependence is smaillght bethat convergence if faster



Q=Mg, LO —— Q=M, LO ——
108 Ru.g/R@ NLO ---- 1 108 R 4/R©@ NLO === 7
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Use Q for central value and spread as OTH uncertaintyO

th
R R+! R o | n+1

S q - g
h=Q Q/2<p< 2Q
Uncertainty can only be reduced by explicit higher order calculatic
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| scale-dependence

Band instead of single line

M, -+,
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5 o ME
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L™K \
5 : MR !

2M s

2M u+ u!

Mactor of 2 conventional/historic

Misually OworksO : anticipate
higher order corrections

¥Sometimes... it fails...
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Scale dependence considerably reduced at higher orders

reduction in TH uncertainty

80— | I | 5
i NLO
DreII_Yan ';‘ N {\V.';A"~ P @A~ N0 VN -
4 60 — _
& ,
g L )
L0
R
I LO -
% 40— _
3 I
=
T
N
S I ‘ i
o 20— Vs = 14 TeV —
i M = M, |
Anastasiou et al M/2 £ u £ 2M
0 ] | ] I | I |
Y

Notice that LO scale dependence fails to estimate NLO result!
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| Effect of extra radiation : more partons more realistic

Feynman Diagram vs real life

e'e  — hadrons N ALEPH =
y
e
e
q

More accurate description of jet structure : brst
time appears at NLO (one extra parton)
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| Opening of new channels

Sometimes new channels at higher order provide large correctior
due to parton luminosity (pdf, non-perturbative-pertubative interple

I Diphoton production : main background to Higgs search

AN
T M, o P
O(! 2) butdg Luminosity O(! S) but YL Luminosity O(! g) but Yt Luminosity
‘1 production Box (subset of NNLO) known to be as large as Born!

Dicus, Willenbrock
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How to do NLO?



Higher order calculations are difpcult....

G. Salam, LaThuile 2012

=
)

NLO timeline
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Slow progress during the Prst 30 years, one extra particle
per decade.....



ExperimenterOs wish-list (Les Houches)

Process\{ ! {Z,W,!}) Comments
Calculations completed since Les Houches 2005

l.pp" VVijet W W jet completed by Dittmaier/Kallweit/Uwer [4, 5];
Campbell/Ellis/Zanderighi [6].

ZZ jet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [7]

2.pp" Higgs+2jets NLO QCD to thegg channel

completed by Campbell/Ellis/Zanderighi [8];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [9, 10]
3.pp" VVV 277 completed by Lazopoulos/Melnikov/Petriello [11]
andW W Z by Hankele/Zeppenfeld [12]

(see also Binoth/Ossola/Papadopoulos/Pittau [13])

4.pp" teoB relevant fot@H computed by
Bredenstein/Denner/Dittmaier/Pozzorini [14,15]
and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek [16]
5.pp" V+3jets calculated by the Blackhat/Sherpa [17]
and Rocket [18] collaborations

Calculations remaining from Les Houches 2005

6.pp" t@2jets relevant fort@4 computed by
Bevilacqua/Czakon/Papadopoulos/Worek [19]

7.pp" VV I8 relevant for VBF' H " VV,ttH

8.pp" VV+2jets relevant for VBF* H " VV

VBF contributions calculated by
(Bozzi/)JSger/Oleari/Zeppenfeld [20D22]

NLO calculations added to list in 2007

9.pp" bBH ggchannel calculated by Golem collaboration [23]

NLO calculations added to list in 2009

10.pp" V+4jets top pair production, various new physics signatures
11.pp" WHBj top, new physics signatures
12.pp" t@@ various new physics signatures

Calculations beyond NLO added in 2007

13.99" W'W'o("?"?) backgrounds to Higgs
14. NNLOpp" t®@ normalization of a benchmark process
15. NNLO to VBF andZ/ ! +jet Higgs couplings and SM benchmark

Calculations including electroweak effects

16. NNLO QCD+NLO EW forW/z precision calculation of a SM benchmark




Real and virtual contributions : separately divergent
dimensional regularization

1
I
1 loop 1 extra parton
IR + UV divergent IR in soft/collinear conbgurations
At Next-to-Leading Order (NLO)
, — di R + dr Vv + renormalization
: NLO : : d factorizati
m+1 m x ana ractorization
/ Here same number of partons
Here one more parton but one!loop matrix element
singular over PS singular at loop level

But donOt want to (or canOt) repeat the calculation every time the
dePnition of the observable changes: try to avoid analytical calculat



How NLO in general : subtraction method

Subtract (and add!) a term with the same singularities as the real
contribution but much simpler to integrate (analytically) and univers
(valid for any process)

1 n # $| ! i #0/(
dinio = digiol! dio + d' o d' o
dl n+1 dl n dl n d' 1
Pnite compute i recently needed dedicates
numerically analytical calculation for virtua

Only need to analytically integrate the subtraction term (and virtual

Subtraction term can be constructed because we understand the
singular (soft and collinear) structure of QCD amplitudes

24



— R S \Y S
dnio = dNo ! digio + d'No d'Nio
d! n+1 d! n d! n d! 1
Pnite compute until recently needed dedicated
numerically analytical calculation for virtual

we understand the (universal) infrared behavior of amplitudes
collinear and soft limits

Different implementations for the subtraction term

! Dipole Catani, Seymour

I Antenna Kosower
I FKS Frixione, Kunszt, Signer

Resulting code can compute several observables at once : change
measurement function (IR safe observables)

Many individual calculations but very complicated for large multiplic

25



Real radiation automated using subtraction + tree level technique

SHERPA Gleisberg, Krauss

!
I
!
! TeVJet Seymour, Tevlin
!
!

AutODipole Hasegawa, Moch, Uwer
MadFKS Frederix, Frixione, Maltoni, Stelzer

MadDipO|e Frederix, Greiner, Gerhmann
HelaC/Phegas Czakon, Papadopoulos, Worek

Problem OconceptuallyO solved during the 900s

Bottleneck was in the virtual contributio

2!
2!
2
2!

26

2 all known
3 almost all knowr

4 many in 2010-201
5 new from 2013



K

o N (p, k)
[ NG CIETD

b pl kK P

N (p,k) =1 Scalar integral : all known at one loc

N (p,k) = kMk'  Tensor integra
..= Ap¥p + BgW¥

Contract both sides with KHK! gu = (k21 m2)+ m?

PuPr Yt
: - wm=k@:%ﬂh(w!whfﬁ»

Obtain a very simple set of algebraic equations from where cal
extract AandB as combinations afcalar integrals

2/




Feynmaniaapproach

e D= G A

I Perform tensorial decomposition from Feynman diagrams
I Compute coefbcientsHassarino-Veltman
I Scalar integrals known (analytical and numerical evaluation)

But for large multiplicities.

¢ Large number of diagrams (>1000)
¢ Growing number of terms in tensor reduction
¢ Numerical stability : vanishing of Gram determin

21 4 was considered an impossible tz

But with clever oy

. pp!
l
Ideas! pp ! W*W' B Denner, Dittmaier, Kallweit, Pozzoril

pp! LB Cullen etal (Golem
28

Bredestein, Denner, Dittmaier, Pozzor!



Unitarianapproach Britto, Cachazo, Feng (2004)
Find the coefbcients using multi-particlgs from generalizedinitarity

|
\2 ) | ( 5: j B
|
replace propagator ) ' b’ |

by (on-shell) cut line _——

(delta, complex momentum) |

+ b O+ ai—O+§

Quadrupole cuts: 4 on-shell conditions on 4-dimensional loop

momentum freezes the integration box coefbcient

No need of Feynman diagrams pp! V +5jets

Tree level amplitudes 2 to 7 particles!
Different methods for rational part BlackHat Collaboration, Z.Bern et

(D-dimensionglrecursive relations



Very clever ideas includePF decomposition at thentegrandevel
Ossola, Papadopoulos, Pittau (2006)

- (D) oL (D oL D
AN — dill . + Ciiisis . ) + h l( )

2134 111213124 111213 1112
[i1]ia] [i1]is] [i1]iz]

-O-

Coefbcients can be determined just by solving a system of
equations : no loop, just algebra!

Universal applicable to any process
Simple- based on basic algebraic properties

Ready for automation easy to implement in a computer code

Combination of methods efbcient numerical evaluation

30



Fully automated computation of 1-loop amplitudes!

¥CutTools Ossola, Papadopoulos, Pittau

YRocket Ellis, Giele, Kunszt, Melnikov, Zanderighi

YSamurai Mastrolia, Ossola, Reiter, Tramontano

¥3|ackhat Berger, Bern, Dixon, Febres Cordero, Forde, Ita, Kosower, Ma’tre, Gleisberg

YGolem Binoth, Guillet, Heinrich, Pilon Reiter
¥-|e|ac-1|00p Bevilacqua, Czakon, Garzelli, van Hameren, Kardos, Papadopoulos, Pittau,\Wore
Wad LOOp Hirschi, Frederix, Frixione, Garzelli, Maltoni, Pittau

ﬁﬁpenLOOpS Pozzorini, Cascioli, Maierhsfer, Buccioni, Zoller, Lang, Zhang, Lindert

and many others Lazopoulos; Giele, Kunszt, Winter, etc...

31



ExperimenterOs wish-list

Process\ ! {Z,W,!})

Comments

Calculations completed since Les Houches 2

05

1.pp" VVjet

Higgs+2jets

3.pp" VVV
4.pp" teoB
5.pp" V+3jets

Calculations remaining from Les Houch

W W jet completed by Dittmaier/Kallweit/Uwer [4, 5];
Campbell/Ellis/Zanderighi [6].

ZZ jet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [7]
NLO QCD to thegg channel

completed by Campbell/Ellis/Zanderighi [8];
NLO QCD+EW to the VBF channel

completed by Ciccolini/Deg ittmaier [9, 10]

6.pp" t82jets

7.pp" VV I8
8.pp" VV+2jets

ant fortBH computed by
Vilacqua/Czakon/Papadopoulos/Worek [19]
relevant for VBF' H " VV,t#H

relevant for VBF* H " VV

VBF contributions calculated by
(Bozzi/)JJSger/Oleari/Zeppenfeld [20D22]

NLO calculations ad@ed to list igh2007

9.pp" LB

qggchannel calculated by Golem collaboration [23]

NLO calculations added to list in 2009

10.pp" V+4jets
11.pp" Wb
12.pp" t@P

top pair production, various new physics signatures
top, new physics signatures
various new physics signatures

Calculations beyond NLO added in 2007

13.gg" W'W' O("2"3)
14. NNLOpp" t@
15. NNLO to VBF andZ/ ! +jet

backgrounds to Higgs
normalization of a benchmark process
Higgs couplings and SM benchmark

Calculations including electroweak effects

16. NNLO QCD+NLO EW forw/z

precision calculation of a SM benchmark

32
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NLO timeline | R
G. Salam, LaThuile 2012
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The NLO revolution

Combination of all the tools described before (and many
others) allowed and amazing progress in the last few yee

Large multiplicities relevant for LHC
Key is Automation!!
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Final goal: Really automatic NLO calculations
zero cost for humans

Automatic NLO calculation OconceptuallyO solved

¥n a few years a number of codes

compete on precision, 3exibility, speed, stability, ...
many features : uncertainties, ...

HELAC-NLO, Rocket, BlackHat+SHERPA, GoSam+SHERPA/
MADGRAPH, NJet+SHERPA, Madgraph5-aMC@NLO, RECC
OpenLoops+SHERPA

34



MG5 aMC@NLO GO SAM+N INJA
[Alwall et al. arXiv:1405.0301] [van Duerzen et al. arXiv:1312.6678]

Process Syntax Cross section (pb) ‘ Benchmarks: GoSam + Ninja ‘
Vector boson +jets LO 13 TeV NLO 13 TeV Process # NLO diagrams ms/event ‘
al pp! W* pp > wpm 1.375% 0.002 410° rlfe-‘ggjg A% 1773+ 0.007410° %A% ,*11-‘-;:;3 W +3] de! &€ ggg 1411 226 ‘
a2 pp! W¥j pp>wpm j 2,045+ 0.001410% 177 ML-4% 2843+ 0.010410° 500 143

. o, P o4 5% +0 8 . 3% 403 Z+3j d®! e € ggg 2928 1911
a3 pp! WHjj pp>wpmjj 6805+ 0015a10° Ay 05 7.786x 0.030410° %G 19 J :
a4 pp! WHjjj pp>wpmjjj 1821 0.002410° ;4L%% /0% 2005+ 0.008410° o9 ;0% 227 +1j ‘ ue! ZzZZg 915| *12 000 ‘
a5 pp! Z pp>z 4.248+ 0.005810" 4o 206 5410+ 0.0224100 45 -2 WWZ+1]j us! W*W'Zg 779 *7 050 ‘
a6 pp! Zj pp>zij 7.209+ 0.005410° 1250 2% 9742+ 0.035410° 550 /L2 = =
! I 8% 1 "
a7 pp! Zj pp>zjij 2348+ 0.00641C° %43 06% 56654 00104108 (250 0.7% WZZ+1j ud! WrZzZzg 756 3300
a8 pp' Zjj pp>zijijj 6.314+ 0.0084107 [42-8% +0.5% 6996+ 0.0284107 L1 103 WWW +1]j u®!t Wrw'wtg 569 *1 800 \
a9 pp!' !j pp>aj 1.964+ 0.001 410 ,*3216-3?; e 5218+ 0.0254100 %5 Tll'ég’; ‘ 772727 ‘ ue! 2727227 408 *1 070 ‘
a.10 pp! !jj pp>ajj 7.815% 0.008410° %256 10-%% 1004+ 0.004410" 57 105 WWWW Bl WW W W 296 *1 350 ‘
dip! @8 275 178
t@B(mp = 0
Process Syntax Cross section (pb) (M = 0) gg! t®HE 1530 5 685
Vector-boson pair +jets LO 13 TeV NLO 13 TeV ‘ to+ 2 J ‘ a9 | t@g | 4 700 13 827 ‘
bl pp! WrW' (4)  pp > w+ w- 7.355% 0.0054100 5% A2 1.028+ 0.003410% %0 /%5 - ™ r—
s " w | J *
b2  pp! 2z pp>zz 1.097+ 0.002 4100 430 1.2 1415+ 0.005410" ;3300 1.%% ZbB+1j(mp*0) dug! ue'e B8 708 1070 ‘
.3 pp! ZW* pp >z wpm 2.777+ 0.003 41 | 9 4.487+ 0.013 4l a0 11 + mp = u®! el
b : a0t %00 s 10" 1 Tl w 1j(mp= ! e'!obfg 12 7
b4 ppt U pp>aa 2,510+ 0.002410" %73 124% 6593+ 0.0214100 [ 56 12-0% +
122, 1% 8% | ] 1
b5 pp! !z pp>az 2,523+ 0.004 4100 [9.%% ‘2-0% 3695+ 0.0134100 5400 50 ) ud! e"! s 648 181
b6  pp! !W* pp>awpm 2.954: 00054101 ;9.5% 2% 71941 00264100 (%7 L% W bB+2j (my%0) ud! e ! bfdf 1220 895
Y 4 9 o +
b7  pp! WrW'j @) pp>wwj 2.865% 00034100 [Hi&6 o 3730% 00134100 [ eee b uf! e !bfgg 3923 5387
b8  pp! zZj pp>zzj 3.662+ 0.00341C° ['0.9% 1% 4830+ 0.01641C° 590 ;A6 d®! et gy B 292 115
bO  pp! ZW?] PP >zwpmj  L605:0005410° ‘L %% % 2086+ 0007100 430 4% W W b(m, = 0) T ey B 1068] *5300
b.10 pp! U] pp>aaj 1.022+ 0.001 4100 2236 2% 2292+ 0.010410" [ 200 110 99! '€ B
b.11: pp! 1Zj pp>azj 8.310+ 0.017 a10° !*11"2;352 o 1220+ 0.0054100 730 400 WWb8+1j(mp=0) | ua! !e* qlu! By 3612 *2 000 ‘
b.12  pp! ! WHj pp>awpmj 2546+ 0010410t 137 0% 3713+ 00154100 ;7% 10 H+3) inGF 99! Hogg 9 325 8 961‘
b.13  pp! W*rW*jj pp>wswHjj 1484+ 0006410 1 [Za0 210 2251+ 0011410 1 T e 22 . T
bia pp! W'W'jj PP>wwjj 6752£0007410 2 ‘4% 124% 1003: 0003410 1 1101% 42 1%% tez +1j us! t@'e g 1408 1220
b.15 pp! W*W'jj (4f) pp > w+w-jj  1144% 0.002410" [Z 20010 1396+ 0.0054100 ;%0 1O TR gg! t@*e g 4230 19 560
b.16  pp! ZZjj pp>zzjj 1.344% 0.002410° %556 1O D6 1706+ 0.011410° [5,5% ;9.8 ;
119, . b o + |
b.17  pp! ZW*jj pp>zwpmjj 8038+0009a10° %570 O-1% 9139+ 0.031410° 1% L0 teH +1j 99! tHg 1517 ! 505‘
b.18 pp! ! jj pp>aajj 5377+ 00204100 [25:2% *0.%% 7501+ 0.032410° [°B% +0.0% H +3j in VBF ug! Hguw 432 101 ‘
b.19  pp! !Zjj pp>azijj 3.260+ 0.009410° 243 1O-6% 4242+ 0.016410° 650 [ o0 H T
. Las a1 0. +4j in VBF ' H 117
b.20° pp! 'W*jj pp>awpmjj 12330002410t ;2570108 1448+ 00054100 350 1O 5% ! ue ggua 6 669 ‘
H +5j in VBF ue! Hgggua 15 036 29 200‘

+... total(of 172 processes up tb 2
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How easy is NLO these days?

import model loop_sm-no_b _mass

define p =guu~cc~dd~s s~ b b-
define j = guu~cc~dd~s s~ b b~
generate p p > t~ t | [QCD]

output my_pp_ttj

calculate xs NLO

#oor g (MR = Me = mMy) = 687(7)7%5 pb

Bottleneck OonlyO in CPU tir

) Pp tt+]

. €.9g. MadGraph5 aMC@NLO v2
[Alwall et al. 1405.0301]

generation time ~ 5 mins
total cross section ~ 30 mins (20 cor

time (cpu years)

4.5

4.0

3.5 H

3.0

2.5

2.0 |-

1.5

1.0

0.5 .-

0.0

(B V(ead.) | S

|lEmrs | a4

|
N B

B V(sub-lead.)
|

~NJet + Sherpa
pp! Z + jets
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[pb/GeV]

di /dp,

An example :W+5 jets !!

BlackHat Collaboration, Z.Bern et al

W e
q W e q A
! Q g!
g Q g
2kQQQQ g g
@, @, g Q000000 (g
Real2! 8 SHERPA Virtual 21 7 BlackHat
9L 1!
Dynamical Scale choicepr = pr = TT '3 p + EYY
m
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
10’14"I"'I"'I"'I"' TTprrTTrrTTTTTTTTTT TryrrTyTTTTTTTT T TTprrTTrrTTTTTTTTTT "I"'I"'I"'I"'Ig;]_0':l
_ kl(go $0/§ = 7Tev W +5 jets + X1 BlackHat+Sherpal
10'25' E 10° . . .
z | Dramatic reduction in
10° 5 10°
i scale dependence (~20
10" E 10*
P > 25Gev, 1] < 3 .
O e 1= 1 Up to 50% correction
R = 05 [anti] ] . . .
~+4_ (non-trivial in shape)
3 43
2.5: — 25
12
15 J1s
11
0. Ho 1 1 i |_T 1 o | 1 H .|' | 1 1 .‘30-5
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

First Jetp, [GeV] Second Jep. [GeV] Third Jetp, [GeV] Fourth Jetp, [GeV] Fifth Jetp, [GeV]

37



There are (already) measurements up to 7 jets !
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Multi-jet production

Use ratios 3-jets/2-jets to extract coupling constant

o~ 0.45
[52]
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Not everything solved at NLO yetE but constant progress
Parton Showers @NLO
= Automated EW corrections MadGraph5 _aMC@NLO Sherpa+Recola

QCD dominant (except very large pT)
Coupling hierarchy ~ respected
Large cancellations in EW contributions

» Loop induced Processes  gg! VV

Ty o

Enhanced by gluon luminosity %
Corrections for gg channel usually large (color, logs) M

F. Caola, et al (2015-2016)
J. Campbell, K. Ellis, M. Czakon, S. Kirchner (2015)

> BSM (arbitrary, higher dimensional operators, etc)

BSM@NLO+aMC@NLO

~ |
Automated! MadGolem
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Recap of third lecture

| ONewO methods allow to compute amplitudes in a more
efpcient way : helicity, color, recursions

| Many tools available for LO : qualitative for colliders...

| Higher order calculations needed: scale dependence and
uncertainties estimates, large higher order corrections, precision.
more realistic (more partons), new channels with large
luminosities, etc

| How to do NLO: subtraction method for OrealO plus new
techniques for numerical computation of virtual amplitudes

| Automation for NLO : very simple to compute, input card,
dePnitions and run!

| Many high multiplicities observables computed for LHC : multi-

I NLO might not be enough for some processes...
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