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Consider scale dependence at NLO

Write cross section indicating explicit
scale-dependent terms

First term (lowest order) in (3) leads to
monotonically decreasing behavior as
scale increases (the LO piece)

Second term is negative for u<p-,
positive for u>p+

Third term is negative for factorization
scale M < p;

Fourth term has same dependence as
lowest order term

Thus, lines one and four give
contributions which decrease
monotonically with increasing scale
while lines two and three start out
negative, reach zero when the scales
are equal to p, and are positive for
larger scales

At NLO, result is a roughly parabolic
behavior (if you're lucky)

Note that each of these terms
depends on the kinematics of the
cross section under investigation

Consider a large transverse momentum process such as the single jet inclusive cross section
involving only massless partons. Furthermore, in order to simplify the notation, suppose
that the transverse momentum is sufficiently large that only the quark distributions need
be considered. In the following, a sum over quark flavors is implied. Schematically, one can

write the lowest order cross section as
43
E— =0 =23d*(p) 68 @q(M)® q(M) (1)
dp?
where a(p) = ag(p)/2n and the lowest order parton-parton scattering cross section is de-
noted by og. The renormalization and factorization scales are denoted by p and M, respec-
tively. In addition, various overall factors have been absorbed into the definition of 5. The

symbol @ denotes a convolution defined as

14 -
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When one calculates the O(a3) contributions to the inclusive cross section, the result can

be written as

(1) o =d(wipeeM)®qM)

(2) + 20() bIn(u/pr)op ® ¢(M) @ g(M)

(3)  + 2°(n) In(pr/M)Poy ® 63 @ o(M) @ (M)

(4)  +dWKeaM) M) (3)

In writing Eq. (3), specific logarithms associated with the running coupling and the scale
dependence of the parton distributions have been explicitly displayed; the remaining higher

order corrections have been collected in the function K in the last line of Eq. (3). The p

Jeff Owens in CTEQ.1 paper



Look in 2-D, with logarithmic scales
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Scale choices

o akKe Inclusive jet production a e [ Scale dependance. 0.0<lyl<0.3. 60<Pt[GeV]<80 |
LHC F

® Canonical scale choice atthe LHCis R=0 4

w=u=1.0"p; antikT I
+ CDF used ON
+ CTEQ6.6 used this scale for ]

determination of PDFs

+ new CT PDFs use p;
Close to saddle point for low p;

® But saddle point moves down for S
higher p; (and the saddle region 1

Mg

rotates)

® Our typ|Ca| scale choices don’t work | Scald dependance. 0.0<lyl<0.3. 1500<Pt[GeV]<1800 |
for all LHC kinematics; more extreme S [
movements for some of measured
cross sections

® Rather than look for some magic
formula, we should try to understand =
what is going on the kinematic/scale B
point-of-view both to establish a
central scale, and to calculate the .
range of uncertainty L
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Scale dependence depends on rapidity

® The saddle point tends to move upwards in
scale as the rapidity increases

® |s the physics changing; no, just the kinematics

Scale dependance. 2.1<lyl<2.8. 400<Pt[GeV]<500

g




Scale dependence also depends on jet size

| Scale dependance. 0.0<lyl<0.3. 60<P{{GeV]<80 | | Scale dependance. 0.0<lyl<0.3. 1500<Pt[GeV]<1800 |

R=0.4 |
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Now look at the dijet mass cross section

® [n most cases, get
a nice saddle
region around p-Jet

Scale dependance. 0.0<lyl<0.3. 2780<m"[GeV]<3040




...but not for forward rapidities

Is perturbation theory not valid
here?

It's ok as long as reasonable
scales are chosen

It's a continuation of the effect
that we've been looking at

To be on the plateau requires
scales of the order of 3-4*p;

Our ‘motivated’ scale, though,
IS Py
+ in this case, | would argue

that kinematics forces us
to change

ignore the kinematic
effects; this is so severe
we have to take them into
account

Scale dependance. 2.1<lyl<2.8. 331 0<m”[GeV]<361 0
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Saddle points and scale uncertainties

® Cross sections depend on the renormalization scale ugz and
factorization scale

® Consider default values for these two scales, u,rand u, z and
expand around these values

® Can write the NLO cross section near the reference scales as

1+b, ln( )+b ln( )+c In’ (“R )+cFln (“F )+CRFIII( all )m( “F)
Uy g WUy r W r WUy r W r Uy r

® ...where the explicit logarithmic dependences have been factorized
out; the b and c variables will depend on the kinematics

® |n general, there will be a saddle point, where the local slope as a
function of ug,ur is zero, i.e. the b’s vanish

® Around the saddle point, can write the scale dependence as

1+chn2( al )+cFln2( al )+CRF11’1( al )ln( al )
Us g Us Us g Us

o(Up,Ug) = U(MOF MOR)

O(Up,Ug) = O(MS,F’ AuS,R)




Consider inclusive jet cross section at NLO

1+chn2( Hr )+0Fln2(&)+cmln( Hr )ln( al )
Us g Us ¢ Us g Us ¢

O(Up,hg)= G(AL‘S,F ) luS,R)

[ Scale dependance. 0.0<lyl<0.3. 60<P{[GeV]<80 |

® For c->0,cx<0 and cg,|cg|>>]
Cre|, the saddle point axes are
aligned with the plot axes, as
shown at the top right

® At higher p; values, cg<0 and
Cr,|Cr|<<|Crg|, the saddle
position rotates by about 45°,
as we've already seen

® Should we follow the saddle
point to determine the central
scale? Should we make sure
that any scale uncertainty
includes the saddle point?

Hr



One scheme

® F. Olness and D. Soper, arXiv:
0907.5052

® Define x, and x, T
x1 =logy PU}Q
T

o =logs (P‘T/Sgl)

® Make a circle of radius |x|=2 around a
central scale (could be saddle point,
or could be some canonical scale)
and evaluate the scale uncertainty

da(xl,xg)] [do(0,0)] .
—_ L2 ~ | —= 1+ P(Z
[ dPr NLO dPr  |nLo [ (l)]
where
P(Z) = Z ryA5+ Z rgMikTK
J JK
A, and M carry information on the
scale dependence beyond NLO
27
£2 .= L[ P(|#| cos 8, |Z| sin 0)?
2T 0

.........................

5[ Pr =100 GeV

{I don’t know
if any
]measurement
ihas

lexplicitly
jused this,
{but it would
ibe useful

Ito see.

Figure 2: Contour plot of the jet cross section in the {x;, 22}
plane for the Tevatron (/s = 1960 GeV) with Pr = 100 GeV
and a) central rapidity ¥ = 0 and b) forward rapidity vy =
2. We plot the ratio of the cross section compared to the
central value at {z1, 22} = {0,0}. Contour lines are drawn at
intervals of 0.10. The (red) circle is at radius |z| = 2. 1 1



In(gepfmg)

2-D plots for ggF for Higgs

® The NNLO scale dependence looks similar to that for low p; inclusive jet
production, steep at low values of ug, shallow in ug

® Note that there is no saddle point at NLO in the range of scales plotted; it
looks similar to LO for inclusive jet production

NNLO Higgs, Vs = 8 TeV, mH = 125 GeV
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ggF at NNLO

Note that the location of the
saddle point is at ~(0.15m,
0.24my), i.e. outside of the range
of uncertainties typically taken
into account when using a scale
of either my or 0.5 m,

Saddle point ~23.1pb compared
to 20.7pb for m/2

Maybe the saddle point is not
magic, but it may be disturbing
that it is not included in the
uncertainty calculation

...especially since we're now
worrying/are excited about the
ggF data cross section perhaps
being larger than the ‘SM’
prediction
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ggF at NNLO

® Now consider a 450 GeV VIR W‘?f‘i%g?=x‘/:‘—.=."?“:‘?‘?‘*.‘.=?‘?".Gfi‘;_. .
Higgs produced by ggF 05f
® There’s some rotation of the N\ 17
saddle region as you would 20NN bt
expect from the jet analysis SR\ |
. -05F \ ' ///
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What about complex processes?

...where there are
multiple scales

Most of the recent
conquests of the Les
Houches NLO wishlist
deal with such complex
final states

...such as V+4(5) jets

What is the appropriate
scale to use?

See also Kalanand
Mishra’s talk this
afternoon

[Process (V & {Z,W.7})

Comments

Calculations completed since Les Houches 2005

Lpp—=VViet

2. pp — Higgs+2jets

3.pp = VVV

4. pp — tibd

5. pp = V+3jets

WWijet completed by Dittmaier/KallweitUwer [4,5];
Campbell/Ellis/Zanderighi [6].

Z Zjet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [7]

NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderighi [8];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [9,10]

Z ZZ completed by Lazopoulos/Melnikov/Petriello [11]
and WW Z by Hankele/Zeppenfeld [12]

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

relevant for ¢2H computed by
Bredenstein/Denner/Dittmaier/Pozzorini [14, 15]

and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek [16]
calculated by the Blackhat/Sherpa [17]

and Rocket [18] collaborations

Calculations remaining from Les Houches 2005

6. pp — tt+2jets

7.pp = VV bb,
8. pp = VV42jets

relevant for ¢2H computed by
Bevilacqua/Czakon/Papadopoulos/Worek [19]
relevant for VBF -+ H — VV | ttH

relevant for VBF — H - VV

VBF contributions calculated by
(Bozzi/)Jager/Oleari/Zeppenfeld [20-22]

NLO calculations added to list in 2007

9. pp — bbbb

¢ channel calculated by Golem collaboration [23]

NLO calculations added to list in 2009

10. pp — V +4 jets
11. pp — WHhj
12. pp — titt

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(a?al)
14. NNLO pp — tf
15. NNLO to VBF and Z /y+jet

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

Calculations including electroweak effects

16. NNLO QCD+NLO EW for W/Z

precision calculation of a SM benchmark




W+4 jets at 7 TeV

® Blackhat+Sherpa collaboration suggests using (large) scale of H/2,
with variations a factor of 2 around that

® Result is generally in agreement with the data, with reasonably small
scale uncertainty, and small+stable LO->NLO corrections

- NLO scale dependence

. 50 100 150 50 100 150 50 100 150 50 100 150 .
10 E] T T T I T Trrr I L I T T 7T IEEI T T T I L I L l TTT IEEI T T 7T l T TT I L I 1T ]EEI 1T I L l T rrr l LI IE 10
W +4jets+X | Vs = 7TeV I _ —— LO ]
_ 10t E += + + — NLO 4o
> E
]
= X K
= 10” E E3 410
< | gy
= pr > 25Gev, In™1 <3
° 107k E3 410°
= E; >20GeV, In°l <25 %
_ E; >20GeV, M} >20GeV [
-4 | pR — - 1 £ — -4
107 E R = 05 [antik] 10
P e e F P RS SRR + P TR B
T T I I I

BlackHat+Sherpa

%]
1 1

50 100 150 50 100 150 50 100 150 50 100 150
First Jet p_ [GeV] Second Jet p_ [GeV] Third Jet p, [GeV] Fourth Jet p, [GeV]

FIG. 2: A comparison of the pr distributions of the leading four jets in W~ + 4-jet production at the LHC at /s = 7 TeV.
In the upper panels the NLO distribution is the solid (black) histogram and the LO predictions are shown as dashed (blue)
lines. The thin vertical line in the center of each bin (where visible) gives its numerical integration error. The lower panels
show the distribution normalized to the central NLO prediction. The scale-dependence bands are shaded (gray) for NLO and
cross-hatched (brown) for LO.
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W+4 jets scale dependence

« Ascale of HT/2 is ~

the peak for antikt4;

so all deviations are
negative

» Siscone peaks around
HT/3

 Moves to smaller scales
for larger R o
« @HT/4, all antikt R give
same result; that scale
seems to be around

HT/5 for siscone

« it is difficult to make
conclusions about the
uncertainty of any
particular W + n jet

cross section without
understanding the

scale dependence as the
jet size/algorithm is varied

-1

5

4

3

2

<<<<<<<
.....

antikt4
antiktd
antikt6
antikt7
siscone4
sisconeb
sisconeb
siscone7

L

| | | | |

10"

HT
scale(frac*pT)
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Scales: CKKW and NLO

® Applying a CKKW-like scale at LO also leads to better agreement for

shapes of kinematic distributions

® Now we have CKKW@NLO and MINLO(->Keith Hamilton talk)

® Connection between large scales (H;) and small scales (MINLO/CKKW)
with appropriate Sudakov suppression?

10°

doEq j; [Pb/GeV]

50 100 150 200 250 300 350
Erj; [GeV]

FIG. 3: The transverse momentum distribution of the leading
jet for W+ + 3 jet inclusive production cross section at the
LHC. All cuts and parameters are described in the text. The
leading color adjustment procedure is applied.

See review of W + 3 jets in Les Houches
2009 NLM proceedings

0
10 F T T T T T T
g NLO, ug

LO, local scale e
Alpgen+Herwig =-----

107

10-2 L [ - .

onLo/o do/Er jy [pb/GeV]

1072

50 100 150 200 250 300 350
Erj; [GeV]

FIG. 4: The transverse momentum distribution of the lead-
ing jet for W+ + 3 jet inclusive production cross section at
the LHC. All cuts and parameters are described in the text.
The leading color adjustment procedure is applied. All LO
distributions are rescaled by constant factor, to ensure that
the LO and NLO normalizations coincide.

0910.3671 Melnikov, Zanderighi 18



® So far we have been talking about
Inclusive cross sections

® \What about exclusive cross sections
where jet vetoes, or severe kinematic
cuts have been applied?

® One of the biggest topics of discussion at
Les Houches 2011

® ...as it will continue to be at Les Houches
2013

19



Start with Stewart-Tackmann

clearly, scale uncertainty for
exclusive cross sections

don’t vanish, so naive scale
uncertainty estimate is probably

100 CT T T T T T T 14 EIIIIIIII|IIIlIIIII|IIIIIlIII|IIIIIIlII|IIIIIIIII|IIIIIIIIIIIIIIIIIII UL UL LU
F W40 jet (NLO) = 12 EW+1 jet (NLO) 3
80 - - E ....................... ;
—_ - 3 —10F =
"E E E '_‘: E E
= 6of 3 £ sE E
- N |
g 10E em="7TeV 3 :’_gi‘ 6E I >30GeV 3
o E 3 = E — p=mw 3
S = q b E 3
S 2mwy 3 4 E_ ----- n=2mw _§
3 mw/2 H oE —-op=mw/2
E combined incl. unc. J E | combined incl. unc. 3
O_I L1111l II Li1iiaial | Li11iial | NN NN || I . O;Ill LI III|||I|||||||l|||||I ||||||||||I||||ll||||||||||||||||I|||||l||||||||||I|||||I|||I|l|||;
0 10 20 30 40 50 0 10 20 3 40 50 60 70 80 90 100
Pt [GeV] Pt [GeV]
2 :I TTT I TT ‘I T | TTTT | TTTT I TTTT | T LI I'-I‘Ll T - 2 illllllllll||||||||I||||||||| |||||||||||||||||||||||||||||||||||||| TTTTITTI oo T llllllllf
E W41 jet (NLO) - E F W42 jet (NLO) 3
1 11 S g s = 158 AT 3
=) E i = E 3
A E 1 £ E 3
S g £ Em=T7TeV 3 =~ 1 E Em=T7TeV E
- Fi>80Gev 3 %k 2 >30GeV 3
& E — p=my 1§ — p=mw ;
0.5 /A0 /e n=2mw 3 05 F/ ) 0 p=2mw =
c ——-p=my /2 3 : ——-p=my /2 ]
E | combined incl. unc. 3 E combined incl. unc.3
0 Cuafy I 1111 | 1111l | 1111 I L1111l | 1111 | L1l I 11117 0 o || 11l ||II|I|||||I|| |||I|||||||I|||||I|||||||||||||I||||||||||||I|I|||||I||||||I||||||T
0 25 50 75 100 125 150 175 200 0 10 20 30 40 50 60 70 80 90 100
PPt [GeV] Pyt [GeV]
FIG. 3: Fixed-order perturbative uncertainties for the exclusive pp —+ W + 0,1, 2 jet crops sections at NLO for the LHC with
Ecm = 7TTeV. Central values are shown by blue solid curves, naive scale variation in the [exclusive jet bin by the green dashed
and dotted curves, and the result of combining independent inclusive uncertainties to gef the jet-bin uncertainty by the outer
red solid curves.

The result is a significant
(but perhaps more realistic)
increase in the scale uncertainty.

—too low

Stewart-Tackmann: n-jet
exclusive o is difference
between two inclusive
cross sections

ON = O0O>N — O>N+1

The two series are independent of
each other; for example W+>=2 jets
has large double logs of p?/m,,;
so have to add scale dependence
in quadrature

Ay =A%y + AN

o>1(pF; > 30GeV)
= (8.611b)[1 + 3.4, + O(a?)]
o2 (Pt > 30 GeV, iy > 30 GeV)

— (8.61nb)[2.5a, + O(a?)] .
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...continued

® One solution is to use inclusive distributions
o or to show both inclusive and exclusive

® For a ratio of two exclusive cross sections (like W+1 jet/Z+1 jet),
the S-T approach now increases the uncertainty ‘beyond reason’,
as there are now 4 cross sections, all of which need to be treated
as uncorrelated

® Given that the central prediction, using a scale such as H,/2 for the
case of W/Z+jets, is in good agreement with the data, are the
scale uncertainties really so large?

21



Njet S&T naive
Op +- 1% +2% - 2%
1p +- 6% +1% - 2%
2p +- 7% +1% - 12%
3p +-12% +0% -21%
4p +-23% + 0% - 26%
Njet(Pt>150)  S&T naive
1p +-32% +10% - 20%
2p +-13% +13% - 39%
3p +-18% + 8% - 48%
4p +-38% + 2% - 46%

Z+]et

e —-

Impact on exclusive jet multiplicity

Ratio(N+1/N)  S&T naive
(+uncorrelated) (+correlated)
1/0 +7% - 7% +0% - 2%
21 +13%-12% +1% - 10%
3/2 +20%-17% +0% - 10%
4/3 +39%-31% +0% - 6%
Ratio(N+1/N)  S&T naive
PT>150GeV (+uncorrelated) (+correlated)
21 +67% - 34% +3%-25%
3/2 +36% - 27% +0% - 14%
4/3 +68% - 47% +4% - 5%

Z+4j: Cannot follow the S&T prescription due to lack of Z+5p NLO

Using Z+5p LO instead

e scale uncertainties assumed to be uncorrelated between the multiplicities
e large uncertainties on the jet multiplicities
— huge uncertainties in the exclusive multiplicity ratio

Ulla Blumenschein
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Higgs+jets

® Here itis crucial to use exclusive

cross sections because of

backgrounds differing with jet

multiplicity

+ but because of its importance, a

great deal of work has gone into
resumming the logs that lead to
the increased scale dependence;
the result is a decrease of the
naive S-T uncertainty

® My question to Gavin:

+ can we use what has been
learned from Higgs+jets
resummation techniques to guide
us for W/Z+jets?

+ No: Higgs is a special case; gg
fusion to Higgs has a large K-
factor; with jet-veto that large K-
factor partially cancels against
Sudakov suppression, resulting in
a spurious smaller scale
dependence

But...don’t assume that NLO
predictions for jet multiplicities are
completely uncorrelated, given that
much of the underlying physics must
be similar

Another technique: treat the scale
uncertainties as completely correlated
between different jet multiplicities (for
a ratio), but estimate the uncertainty
by writing the ratio in ways that are
perturbatively equivalent, but whose
differences might illuminate the ‘real’
scale uncertainty

23



W+jets

® For example, consider W+1 ® Then write the series in two
jetand W+2 jets at NLO ways
® Rewrite as: oL0 4 MO
a) Ratio(default) = ————
LO NLO O, +0;
Gl + Gl o0 gMO  GNLO i 5LO
b) Ratio(alternative) = ——+—2-——— -
g, 0, (GlLO)
o, +0,"°

® For Higgs, Gavin took the
envelope of all scale
variations on a) and the
central result from b)

® This may work for inclusive
ratios, but not necessarily for
exclusive

® |t's worth trying

24



B+S estimates for uncertainty

® Calculate the ratio of Z+jets to y+jets

® Use the NLO and ME+PS ratios to
estimate scale uncertainty

Set 1: HJ™ > 300 GeV, MET| > 250 GeV;

Set 2: H%“ > 500 GeV, IMET| > 150 GeV;

HF* > 300 GeV, |MET| > 150 GeV;

HF* > 350 GeV, IMET| > 200 GeV;

HJ®* > 500 GeV, [MET| > 350 GeV;

HJ®* > 800 eV, [MET| > 200 GeV;

HF* > 800 GeV, [MET| > 500 GeV.

Set 3:
+ divide the absolute value of the Sot 1.
difference between the two ratios by
the NLO ratio Set 5:
+ PS effectively serves as an estimator Set 6:
for higher order corrections Set 7:
Setl[ 1 2 3 4 5 6 7
Source
perturbative 0.09 | 0.03 | 0.10 | 0.07 | 0.05 | 0.02 | 0.04
PDF 002 [ 003 | 002 | 002 | 0.03 | 0.04 | 0.05
photon-cone 0.01 0.01 0.01 0.01 0.01 0.01 0.01
total 0.09 | 0.04 | 0.10 | 0.08 | 0.06 | 0.04 | 0.06

estimates are
reasonably small

TABLE VI: Estimates of the fractional uncertainty remaining from QCD effects for the Z + 3-jet

to v + 3-jet ratios. The “perturbative” uncertainty comes from comparing the NLO ratio with

the ME+PS one, as explained in the text. The “photon-cone” uncertainty is due to the estimated

difference in predictions using the standard and Frixione isolation cones.
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MEPS@NLO (or aMC@NLO)

® |'ve been running W 3wt e amasam o
+0+1+2 jets at NLO with 2w — Mebanou/2. .21
additional jets either by ?\; o1 | 0 =1 - MEwioPS /2.2 3
LO or by PS el Moo ;

o effectively CKKWatNLO I e Py E

® This may be a better/ A
different vehicle to oo f | [T T e
estimate scale o e e e e e
uncertainties 8 - g

+ since many of the higher . SSSamnE
order corrections can be MMM e
taken in/out in a more ; ;w == ‘
sophisticated way than in | 1 I
the previous slide o



105 BH vs MCFM+LoopSim

L O O p S i m 1 Sebastian NLO

smmsmas Scbastian NNLO

====== BlackHat NLO

sZ==== BlackHat nNLO

® Sebastian Sapeta has been 102
running LoopSim for W+>=1 jet to
effectively get approximate NNLO
(nNLO) predictions for W+>=1 jet

® Compared here to Blackhat
+Sherpa exclusive sums
approach

® Note that for both, significant
scale dependence cancellation by
addition of virtual W+2 jet matrix
elements

+ this is because of substantial
contributions from qg->qqW
where W is radiated from
quark line

® May be useful for uncertainties for

some ratios since it tries to
estimate higher order corrections

emor
Central value

nNLO
Sebastian NLO




Summary

® Tremendous progress in the development
of tools that allow us to improve the
perturbative power of predictions for
complex final states at the LHC

® A |ot to think about and discuss, both
here and in subsequent meetings,
including Les Houches, about the best
ways of using these tools
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