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NLO is the first order at which the
normalization, and sometimes the
shape, can be taken seriously

A great deal of effort has gone into
calculations of 2->3 processes, and
now we even have a formalism(s) for
tackling 2->4

The Les Houches wishlist from
2005/2007 is filling up slowly but
progressively. The effort in 2009 will

result in an updated Les Houches list.

For the Les Houches 2009 writeup, |
would like to specify not only the new
calculations needed, but the level of
accuracy to which we need to know
them. This would tell us, for example,
whether EW corrections are needed
as well

Public code/ntuples will make the
contributions to this wishlist the most
useful/widely cited.

NLO and the Les Houches wishlist

Process
V e{Z W~}

Comments

Calculations completed since Les Houches 2005

1.pp— VVijet

2. pp — Higgs+2jets

3.pp—VVV
AN AN

W Wijet completed by Dittmaier/Kallweit/Uwer,
Campbell/Ellis/Zanderighi

and Binoth/Karg/Kauer/Sanguinetti (in progress)
NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderighi;

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier

Z 7 Z completed by Lazopoulos/Melnikov/Petriello
and WW Z by Hankele/Zeppenfeld

Calculations remaining from Les Houches 2005

4. pp — ttbb
5. pp — tt+2jets
6. pp— VV bb,
7. pp — VV+2jets

8. pp — V+3jets

relevant for ttH

relevant for ttH

relevant for VBF — H — VV  ttH
relevant for VBF — H — V'V
VBF contributions calculated by
(Bozzi/)Jager/Oleari/Zeppenfeld
various new physics signatures

NLO calculations added to list in 2007

9. pp — bbbb

Higgs and new physics signatures

Calculations beyond NLO added in 2007

10. gg — W*W* O(a%a?)
11. NNLO pp — tf
12. NNLO to VBF and Z/~+jet

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

Calculations including electroweak effects

13. NNLO QCD+NLO EW for W/Z

precision calculation of a SM benchmark

Table 1: The updated experimenter’s wishlist for LHC processes




Consider tTbB (from wishlist)~de>~

10000 —
8000 [

6000 -

NLO

o [fb]

4000

2000

scale dependence
reduced at NLO;
non-monotonic, i.e.
there’s a semi-
parabolic shape

Figure 2: Scale dependence of the total cross section for pp — tthb + X at the LHC with pp =
prp = &my. On the upper panel, the blue dashed curve corresponds to the leading order, whereas the
red solid one to the next-to-leading order result. The lower panel shows the scale dependence of the



K-factors

® Often we work at LO by necessity (parton shower
Monte Carlos), but would like to know the impact of
NLO corrections

® K-factors (NLO/LQO) can be a useful short-hand for this
information

® But caveat emptor; the value of the K-factor depends on
a number of things

¢ PDFs used at LO and NLO
+ scale(s) at which the cross sections are evaluated

® And often the NLO corrections result in a shape
change, so that one K-factor is not sufficient to modify
the LO cross sections




K-factor table from CHS paper

K-factor
for LHC
slightly
less
K-factors
at
Tevatron

K-factors
with NLC

Typical scales Tevatron K-factor LHC K-factor
Process Ho | Klpo) | Klpa) | K'(po) | Klpo) | K(p1) | K'(po)
1% mw | 2my 1.33 | 1.31 | 121 | 1.15 | 1.05 | 115
W+1jet mw | P 142 | 120 | 143 | 1.21 | 1.32 | 1.42
W +2jets my | Pt 1.16 | 091 | 129 | 0.89 | 0.88 | 1.10
WW +jet mw | 2my 1.19 | 1.37 | 126 | 1.33 | 1.40 | 1.42
tt me | 2my 1.08 | 1.31 | 124 | 1.40 | 159 | 1.19
tt+1jet me | 2my 1.13 | 143 | 137 | 097 | 129 | 110
bb my | 2my 1.20 | 1.21 | 210 | 098 | 0.84 | 2.51
Higgs my | P 2.33 - 2.33 | 1.72 - 2.32
Higgs via VBF | my | p 1.07 | 097 | 107 | 1.23 | 134 | 085

Higgs+1jet my | Pt 2.02 - 2.13 | 1.47 - 1.90
) Higgs+2jets my | P - - - 1.15 -

PDFs at
LO are
more
often
closer

to unity

Table 3: K-factors for various processes at the LHC calculated using a selection of input
parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K
uses the CTEQ6L1 set at leading order, whilst K uses the same set, CTEQ6M, as at NLO
and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c
and || < 4.5 has been applied. A cut of pi* > 20 GeV/c has been applied for the ti+jet
process, and a cut of py* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets
are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale
choices, where the scale indicated is used for both renormalization and factorization scales.




CTEQ modified LO PDFs -~

® Discussed already in several
PDF4LHC meetings Parton Distributions for Event GGenerators

® Preprint available on the

: Hung-Liang Lai,! Joey Huston,? Stephen Mrenna,® Pavel Nadolsky,*
arCh|Ve tOday (091 041 83) Daniel Stump,? Wu-Ki Tung,?>! C.-P. Yuan?
® Three different flavors of
P D FS ITaipei Municipal University of Education, Taipei, Taiwan
2Department of Physics and Astronomy, Michigan State University,
. East Lansing, MI 48824-1116, U.S.A.
* CT09M CS . momentu m 3Fermilab, Batavia, IL 60510 U.S.A.
- £ 4Department of Physics, Southern Methodist University, Dallas, TX
sum ru Ie kept’ flt to N LO "Department of Physics, University of Washington, Seattle, WA 98105, U.S.A.
pseudo-data t Deceased

+ CTO9MC1: 1-loop a;
momentum sum rule
violated (by ~10%); fit to

N LO p S eudo_d ata, In this paper, conventional Global QCD analysis is generalized to produce parton dis-

tributions optimized for use with event generators at the LHC. This optimization is accom-

. . plished by combining the constraints due to existing hard-scattering experimental data with
+ CTO9MC2: 2-loop a; ; ;

those from anticipated cross sections for key representative SM processes at LHC (by the

best available theory) as joint input to the global analyses. The PDF's obtained in these
momentum sum rule ) 4 jomt lnput 10 the 8 yoes, The PDIs obtainec
new type of global analyses using matrix elements calculated in any given order will be best

VlOI ated (by ~ 1 4% ), fl‘t to suited to work with event generators of that order, for predictions at the LHC. This is most

useful for LO event generators at present. Results obtained from a few candidate PDF sets
N LO pSQUdO-d ata (labeled as CTO9MCS, CT0IMC1 and CT0IMC2) for LO event generators produced in this

way are compared with those from other approaches.



® Parton showering
Induces suppression
for Higgs production
at forward regions

e+ compare for
example the two
red curves

® Tends to make
production more
central

® Effectis large for 10
GeV Higgs

® Decreases for more
realistic values/
higher Q? processes
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Comparison of W/Z rapidity distributions™JIp3

Z rapidity distribution
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Lepton rapidity distributions dp3

LHC@10TeV
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Figure 19: Distribution of positron pseudo-rapidity |n(e*)| for various partonic p multiplici-
ties in the case of W* +np (n = 0,1, 2) production at the LHC (with a center of mass energy

of 10 TeV) and for CTEQ6L1 and CT09MC2 PDF sets. The partonic jets are defined with
kr = 10 GeV.



Comparison of PDFs

Q value: 8 GeV, for parton: g Q value: 85 GeV, for parton: g
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Figure 12: The ratio of the gluon distributions from various LO PDF's to the gluon distri-
bution from CTEQ6.6 at () values of 8 and 85 GeV.



Comparison of PDFs
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Figure 13: The ratio of the up quark distributions from various LO PDF's to the up quark
distribution from CTEQ6.6 at () values of 8 and 85 GeV.



VBF Higgs production

® O predictions from CTO9MC2 and
CTO9MCS bracket NLO prediction

— CTEQ6.6
—— CT09MCS
——_ |—CcTo9mc2

~—_ |—CTEQ6.6 200
- ] CTo9ImMCS ~ 300
“|— cT09MC2 & 250
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jet

Figure 16: The rapidity distribution for the production of a 120 GeV Higgs through vector
boson fusion at 14 TeV (left). Also shown (right) is the rapidity distribution of the leading
jet. NLO predictions are shown using the CTEQ6.6 PDFs, and LO predictions are shown
using the CTO9MC2 and CT09MC1 PDF's.



K-factor table from CHS paper

‘ Typical scales Tevatron K-factor LHC K-factor
mod LO PDF
K-factor Process po | K(po) | K(p1) | K'(po) | K(po) | K(p1) | K'(po) | K" (g0) I~
for LHC | w my | 2my | 133 | 131 | 121 | 115 | 105 | 115 | 095 | |[Note K-factor
slightly | W+1jet mw | Py 142 | 120 | 143 | 121 | 1.32 | 142 | 099 | [for W< 1.0,
I ) jet ‘ . .
less W+jets my | P 116 | 091 | 129 | 0.89 | 088 | 110 | 0.90 | |gince for this
K.f WW +jet mw | 2my | 119 | 137 | 126 | 1.33 | 140 | 142 | 1.10
-factory 4 m |2m | 108 | 131 | 124 | 140 | 159 | 119 | 109 | [t@ble the
at ti+Tjet me | 2my 1.13 | 143 | 137 | 097 | 129 | 1.10 | 0.85 | |[comparison
Tevatron| ¢ m, |2m, | 120 | 121 | 210 | 0.98 | 0.84 | 251 is to CTEQS6.1
Higgs my | P 2.33 233 | 1.72 2.32 | 1.43
Higgs via VBF | my |[pit | 107 | 097 | 107 | 123 | 134 | 085 | 0.78 and not to
K-factors higgs+1jet | my |[p | 2.02 213 | 1.47 190 | 133 | |CTEQSG.6,
with NLQ Higgs+2jets | my | pi* 1.15 1.13 | |i.e. corrections
PDFs at .to low x PDFs

LO are Table 3: K-factors for various processes at the LHC calculated using a selection of input due to
more parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K treatment of
uses the CTEQ6L1 set at leading order, whilst X' uses the same set, CTEQ6M, as at NLO
often and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c _heavy quarks
closer and |n| < 4.5 has been applied. A cut of pjﬁt > 20 GeV/c has been applied for the ti+jet in CTEQG6.6
to unity process, and a cut of p* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets “built-in” to
are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson mod LO PDFs
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale
choices, where the scale indicated is used for both renormalization and factorization scales.



Now consider W + 3 jets dp3

Consider a scale of my, for W + 1,2,3 jets. We ) — —
see the K-factors for W + 1,2 jets in the table W43 jets @ Tevatfon -- LO
below, and recently the NLO corrections for W +3 | A —NO

jets have been calculated, allowing us to estimate % .
the K-factors for that process. °

T

/

L L L N I LR I
/

\

- BlackHat+Sherpa
l . | \ , |
‘ Typical scales Tevatron K-factor LHC K-factor 207 ' T ' ' { y {
15k /
!
Process Ho | K(po) | K(wa) | K'(o) | K(po) | K(p1) | K'(po) | K" (p0) & 10
2051 /
w My | 2my 133 | 131 | 121 | 115 | 105 | 115 | 095 ol . ! . . ! . l
W+1jet mw | P | 142 | 120 | 143 | 121 | 132 | 142 | 099 1 1z i 2 4
W +2jets myw [Pt | 116 | 091 | 129 | 089 | 088 | 110 | 0.90 0
WW +jet mw | 2my | 119 | 137 | 126 | 1.33 | 140 | 142 | 110 LHC TOtal Cross section
tf me | 2ms 1.08 | 131 | 124 | 140 | 159 | 119 | 1.09
ti+1jet me | 2my 1.13 | 143 | 137 | 097 | 129 | 110 0.85 0100 200 300 400 500 600 700 _ 800 _ 900 _ 1000
bb m, |2m, | 120 | 121 | 210 | 098 | 084 | 251 yypr-rrr Tt
Higgs my | P 2.33 233 | 1.72 232 | 1.43 60 I e _
_ +3 jets @ -
Higgs via VBF | my | p2 1.07 | 097 | 107 | 123 | 134 | 085 | 0.78 A\ W 43 jets @ LHC - IﬂI(I?O i
Higgs+1jet my | P 2.02 2.13 | 1.47 1.90 | 1.33 50 —
Higgs+2jets my | P 1.15 1.13 — T\ 1
40| —
-} AN Preliminary R
(=) N

Table 3: K-factors for various processes at the LHC calculated using a selection of input
parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K
uses the CTEQ6L1 set at leading order, whilst ' uses the same set, CTEQ6M, as at NLO
and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c
and |n| < 4.5 has been applied. A cut of pi > 20 GeV/c has been applied for the t#+jet
process, and a cut of pi* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets
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are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson g -
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale = ! ]
choices, where the scale indicated is used for both renormalization and factorization scales. 0.5 .
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Is the K-factor (at m,,) at the LHC surprising? b [0eV)



Is the K-factor (at m,,) at the LHC surprising?

IP3

The K-factors for W + jets (p>30 GeV/c)

K-factors at scale mW/mH as fn of # of associated jets

fall near a straight line, as do the K-factors
for the Tevatron. By definition, the K-factors
for Higgs + jets fall on a straight line.

2
1.8

Nothing special about my,; just a typical choice. 1.6

The only way to know a cross section to NLO,

say for W + 4 jets or Higgs + 3 jets, is to
calculate it, but in lieu of the calculations,
especially for observables that we have
deemed important at Les Houches,

can we make some rules of thumb?

Related to this is:
- understanding the reduced
scale dependences/pdf uncertainties for

cross section ratios we have been discussing

-scale choices at LO for cross sections
uncalculated at NLO

1.4

K-factor
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Is the K-factor (at m,,) at the LHC surprising? Ip3

The K-factors for W + jets (p>30 GeV/c) K-factors at scale mW/mH as fn of # of associated jets
fall near a straight line, as do the K-factors

for the Tevatron. By definition, the K-factors 2r
for Higgs + jets fall on a straight line. 1.8F " [ClactorWjets Tevatron
Nothing special about m,,; just a typical choice. 1.6} 4 KdfactorW+jets LHC
The only way to know a cross section to NLO, 1'4:_ v Kdfactor Higgs + jets LHC
say for W + 4 jets or Higgs + 3 jets, is to 1.0
calculate it, but in lieu of the calculations, o -
especially for observables that we have § 1
deemed important at Les Houches, v |
can we make rules of thumb? 0.81
Related to this i 0.6

elated to this is: - -
- understanding the reduced 0.4 Will it be L
scale dependences/pdf uncertainties for the 5 smaller still for .
cross section ratios we have been discussing - W + 4 jets?

-scale choices at LO for cross sections 06"""'
calculated at NLO 0.5 1 1.5 2 25 3 35 4

-scale choices at LO for cross sections Number of associated jets
uncalculated at NLO



Jet algorithms at LO/NLO

® Remember at LO, 1 parton =1 jet d
® By choosing a jet algorithm with \

size parameter D, we are requiring

any two partons to be > D apart Z=Pry/Pri
® The matrix elements have 1/AR

poles, so larger D means smaller

cross sections

¢ it's because of the poles that
we have to make a AR cut

1.0

® At NLO, there can be two (or more) For D=R
partons in a jet and jets for the first oo | | , / |, Reqi ICE”E
time can have some structure o negion 1=Ky
+ wedontneed a AR cut, since - . Jets, Region I
the virtual corrections cancel ] (nominally) =
the collinear singularity from 02 cone jets; | say
the gluon emission Roo7 : ’
H O.I4 0.|8 1.|2 1.|6 nomlna”y
+ but there are residual logs , ,
that can become important if , because in data
D i s t 00 Sm a" :::zlllelfetn The parameter space (d,Zch\thyéllrvﬁxrrtRSévé i)élﬁrgecl into a
® Increasing the size parameter D Il is included for
increases the phase space for cone jets

including an extra gluon in the jet,
and thus increases the cross

section at NLO (in most cases) > not true for WbB, for example




s the K-factor (at my,) at the LHC surprising?

The problem is not the NLO cross section; that is well-behaved.
The problem is that the LO cross section sits ‘too-high’. The reason (one of them)
for this is that we are ‘too-close’ to the collinear pole (R=0.4)

leading to an enhancement of the LO cross section (double- M\LL:W
S

LHC total cross section

100 200 300 400 500 600 700 800 900 1000
o777

enhancement if the gluon is soft (~20 GeV/c)). Note that at LO, .
the cross section increases with decreasing R; at NLO it decreases.
The collinear dependence gets stronger as n;,, increases. 95 . _
The K-factors for W + 3 jets would be more normal (>1) if a larger g e
cone size and/or a larger jet p; cutoff were used. But that's a LO

problem; the best approach is to use the appropriate jet sizes/jet p;'s

for the analysis and understand the best scales to use at LO (matrix

d i ,
60 W43 jets @ LHC -- 10
R B — NLO

element + parton shower) to approximate the NLO calculation L
(as well as comparing directly to the NLO calculation). B <% R
[ W +1 jets cross section | [ W + 2 jets cross sectlon | |_W +3 jets cross section |
40x1U 14)(10 5000)(10
- i . For 3 jets,
asf- blue=NLO; red=LO ol [ 4500 S~ the LO
i [ — i e collinear
30 20 GeV 10}~ :: . \‘\\ singularity
25k [ T 3500 e effects are
a. = -- 38 %00 even more
%205— ‘____.Ba—ge:/ = ] : - B Eoo pronounced.
- 5 —
155 — —8 i b A 2000 —
F 4 A —
B , % 40 GeV ] g 1500 —a
5F 2 1000 —_——
F PRI PR PR ol L 1 1 el 1 500 1 1 ] ] -:
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

jet size

NB: here | have used CTEQS.6 for both LO and NLO; CTEQ6L1 would shift LO curves up



W + jets at the Tevatron

® At the Tevatron, my, is a é

reasonable scale (in
terms of K-factor~1)

——
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W + 3 jets at the LHC

A scale choice of m,,, would be in a region where LO >> NLO. In addition, such a
scale choice (or related scale choice), leads to sizeable shape differences in the
kinematic distributions. The Blackhat people found that a scale choice of H;
worked best to get a constant K-factor for all distributions that they looked at.
Note that from the point-of-view of only NLO, all cross sections with scales above
~100 GeV seem reasonably stable.

LHC total cross section Hr = Y, By + B + Er distribution
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FIG. 12: Ratios of LO to NLO predictions for the distributions in the di-jet invariant mass (left
panel) and AR separation (right panel) for the leading two jets in W~ + 3-jet production at the
LHC. In each panel, the dashed (red) line gives the scale choice u = EJ, while the solid (black)
line gives the (much flatter) ratio for y = Hop.

Soft collinear effective theory (SCET) suggests scales on the order of 1/4M?, _, +M?,,,
where M, 4 is the invariant mass of the jets



® Experimentally

¢ in complex final
states, suchas W +n
jets, it is useful to
have jet sizes smaller
so as to be able to
resolve the n jet
structure

+ this can also reduce
the impact of pileup/
underlying event

Choosing jet size

® Theoretically

+ hadronization effects
become larger as R
decreases

o forsmall R, the In R
perturbative terms referred
to previously can become
noticeable

+ this restriction in the gluon
phase space can affect the
scale dependence, i.e. the
scale uncertainty for an n-
jet final state can depend
on the jet size,

¢ ...under investigation

Another motivation for the use of multiple jet algorithms/parameters in LHC

analyses.



The Goldilocks theorem may apply

® Take inclusive jet production at the LHC for transverse
momenta of the order of 50 GeV

® L ook at the theory uncertainty due to scale dependence
as a function of jet size

® |t appears to be a minimum for cone sizes of the order
of 0.7

¢ i.e. if you use a cone size of 0.4, there are residual un-
cancelled virtual effects

+ if you use a cone size of 1.0, you are adding too much tree
level information with its intrinsically larger scale uncertainty

+ now am trying to understand how to test the porridge in a
general way for any NLO prediction




To do list for LHC

® \We have done some comparisons of ALPGEN+PS/NLO for W + 1,
2 jet final states

® |t would be useful to generalize them to different scale choices, jet
sizes

+ do the current choices lead to any problems?

+ can we get better agreement in shape/size for kinematic
distributions with particular scales and/or jet sizes?

® ...as well as extending to W + 3 jets

® |I'm going through an exercise now with the authors of one of the
calculations for W + 3 jets, starting off with simple files, leading to
files of W + 3 jets at NLO




Often, we cut on the
presence of an extra jet

This can have the
impact of improving the
signal to background
ratio
¢ ...and it may appear
that the scale
dependence is
improved
However, in the cases |
know about, the scale
dependence was
anomalous at NLO
without the jet veto,
indicating the presence
of uncancelled logs

The apparent
improvement in scale
dependence may be
illusory

Jet vetos and scale dependence: WWijet
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Figure 11: Comparison of WW+jet production cross sections in the LHC setup with
PTjet > S0GeV and for Tevatron with pr je¢ > 20GeV: The straight lines show the results cal-
culated with the five-flavour PDFs of CTEQ®6, the dashed lines those calculated with the four-
flavour PDFs of MRST2004F4. Contributions from external bottom (anti-)quarks are omuitted,
as described in Section 2.2.

Project for Les Houches writeup: to categorize
NLO calculations in terms of effect of jet veto
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Summary

® CTO9MC preprint now on the archive
® The choice of the jet size can/will have an impact on the relative
size of the LO and NLO cross sections
+ relatively straightforward, but ignored up to this point

+ LO background rates for W + n jets may be too high with conventional
scales; the relative ratios for n+1/n jets may also be wrong

® The choice of the jet size can/will have an impact on the best scale
choice at LO/NLO

® relatively straightforward, but ignored up to this point

® \W/Z + n-parton final states, with n large, will in general require larger
scales at LO in order to agree in shape with NLO calculations

® The choice of the jet size can/will have an impact on the size of the
scale uncertainty at NLO

+ relatively straightforward, but ignored up to this point

® The application of a jet veto will lead to a degradation on the true
scale uncertainty of a cross section

+ even if it appears that the scale uncertainty is getting better!
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Abstract

In this paper. we will develop the perturbative framework for the calculation of hard-scattering
processes. We will undertake to provide both a reasonably rigorous development of the
formalism of hard-scattering of quarks and gluons as well as an intuitive understanding of the
physics behind the scattering. We will emphasize the role of logarithmic corrections as well as
power counting in &g in order to understand the behaviour of hard-scattering processes. We will
include ‘rules of thumb’ as well as “official recommendations’, and where possible will seek
to dispel some myths. We will also discuss the impact of soft processes on the measurements
of hard-scattering processes. Experiences that have been gained at the Fermilab Tevatron will
be recounted and. where appropriate. extrapolated to the LHC.
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Abstract

In this article, we review some of the complexities of jet algorithms and of the resultant comparisons of
data to theory. We review the extensive experience with jet measurements at the Tevatron, the extrapolation
of this acquired wisdom to the LHC and the differences between the Tevatron and LHC environments.
We also describe a framework (SpartyJet) for the convenient comparison of results using different jet
algorithms.
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