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4. Identifying important missing processes 

  The Les Houches wishlist from 
2005/2007 is filling up slowly but 
progressively. Progress should be 
reported and a discussion should 
identify which key processes 
should be added to the list.This 
discussion includes experimental 
importance and theoretical 
feasibility.  (…and may also 
include relevant NNLO 
corrections.) This effort will result 
in an updated Les Houches list. 
Public code/ntuples will make the 
contributions to this wishlist the 
most useful/widely cited.  

  See Thomas’ talk for more 
details.  



K-factor table from CHS paper 

Note K-factor 
for W < 1.0, 
since for this 
table the  
comparison  
is to CTEQ6.1 
and not to  
CTEQ6.6, 
i.e. corrections 
to low x PDFs 
due to  
treatment of  
heavy quarks 
in CTEQ6.6 
“built-in” to  
mod LO PDFs 

mod LO PDF 



Steve Ellis theorem: WWjet 

cutting 
on extra 
jet  
improves 
scale 
dependence 

uncancelled 
logs in 
inclusive 
calculation 





Steve Ellis theorem: tTbB 
cutting 
on extra 
jet makes 
scale 
dependence 
worse 



Go back to K-factor table 
  Some rules-of-thumb 
  NLO corrections are larger for 

processes in which there is a great 
deal of color annihilation 
◆  gg->Higgs 
◆  gg->γγ
◆  K(gg->tT) > K(qQ -> tT) 

  NLO corrections decrease as more 
final-state legs are added 
◆  K(gg->Higgs + 2 jets)                 

<  K(gg->Higgs + 1 jet)                
< K(gg->Higgs) 

◆  unless can access new initial 
state gluon channel  

  Can we generalize for uncalculated 
HO processes? 

  What about effect of jet vetoes on 
K-factors? Signal processes 
compared to background 

Ci1 + Ci2 – Cf,max 

Simplistic rule 

Casimir color factors for initial state 

Casimir for biggest color 
representation final state can  
be in  

L. Dixon 



W + 3 jets 
Consider a scale of mW  for W + 1,2,3 jets. We 
see the K-factors for W + 1,2 jets in the table  
below, and recently the NLO corrections for W + 3  
jets have been calculated, allowing us to estimate  
the K-factors for that process. (Let’s also use mHiggs 
for Higgs + jets.) 

Is the K-factor (at mW) at the LHC surprising? 



Is the K-factor (at mW) at the LHC surprising? 

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

Nothing special about mW; just a typical choice. 

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 rules of thumb?  

Something Nicholas Kauer and I are  
interested in. Anyone else? 

Related to this is: 
- understanding the reduced 
scale dependences/pdf uncertainties for the 
cross section ratios we have been discussing 
-scale choices at LO for cross sections  
uncalculated at NLO 



Is the K-factor (at mW) at the LHC surprising? 

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

Nothing special about mW; just a typical choice. 

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 rules of thumb?  

Something Nicholas Kauer and I are  
interested in. Anyone else? 

Related to this is: 
- understanding the reduced 
scale dependences/pdf uncertainties for the 
cross section ratios we have been discussing 
-scale choices at LO for cross sections  
uncalculated at NLO 

Will it be 
smaller still for 
W + 4 jets? 



Is the K-factor (at mW) 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  
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- 
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 njet increases. 
The K-factors for W + 3 jets would be more normal (>1) if a larger  
cone size and/or a larger jet pT cutoff were used. But that’s a LO  
problem; the best approach is to use the appropriate jet sizes/jet pT’s   
for the analysis and  understand the best scales to use at LO (matrix  
element + parton shower) to approximate the  NLO calculation 
(as well as comparing directly to the NLO calculation).  

pT
jet 

Note the rapid rise at NLO 
for small pT 
(20 GeV/c) 
for small R 

For 3 jets, 
the LO 
collinear 
singularity 
effects are 
even more 
pronounced.  

x 

x 

pT
jet =20 GeV 

=30 GeV 
=40 GeV 

NLO 

LO 

cone jet of 0.4 



Wbb/Wjj at the Tevatron 

Note the unusual behavior for WbB at NLO. At low pT, the cross section decreases with jet size, 
presumably because of the ΔR requirement between the b quarks. I thought the collinear 
behavior might be different using a massive b, but it just seems to be a simple kinematic 
suppression.    



20 GeV cut 

30 GeV 

Now consider WbB 
behavior at the LHC.  

NLO 

LO 



Wjj/WbB at LHC 



Wjj/WbB at LHC 



Shape dependence of a K-factor 
  Inclusive jet production probes 

very wide x,Q2 range along 
with varying mixture of 
gg,gq,and qq subprocesses 

  PDF uncertainties are 
significant at high pT 

  Over limited range of pT and y, 
can approximate effect of NLO 
corrections by K-factor but not 
in general 
◆  in particular note that for 

forward rapidities, K-factor 
<<1 

◆  LO predictions will be 
large overestimates 



Darren Forde’s talk 

HT was the variable that gave 
a constant K-factor  

seems to be the variable of 
choice now 





Is HT a good variable?  



Wbb/Wjj  



Aside: Why K-factors < 1 for inclusive jet production?  

  Write cross section indicating explicit 
scale-dependent terms 

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

  Second term is negative for µ<pT, 
positive for µ>pT 

  Third term is negative for factorization 
scale M < pT 

  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 pT, and are positive for 
larger scales 

  At NLO, result is a roughly parabolic 
behavior 

(1) 
(2) 

(3) 
(4) 



Why K-factors < 1?  
  First term (lowest order) in (3) leads to 

monotonically decreasing behavior as 
scale increases 

  Second term is negative for µ<pT, 
positive for µ>pT 

  Third term is negative for factorization 
scale M < pT 

  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 pT, and are positive for 
larger scales 

  NLO parabola moves out towards higher 
scales for forward region 

  Scale of ET/2 results in a K-factor of ~1 
for low ET, <<1 for high ET for forward 
rapidities at Tevatron 

  Related to why the K-factor for W + 3 
jets is so small and why HT works well 
as a scale for W + 3 jets 



Multiple scale problems 
  Consider tTbB 

◆  Pozzorini Loopfest 2009 
  K-factor at nominal scale large 

(~1.7) but can be beaten 
down by jet veto 

  Why so large? Why so 
sensitive to jet veto?  

  What about tTH? What effect 
does jet veto have? 



Difficult calculations 

I know that the multi-loop and multi-leg calculations  are very difficult 

but just compare them to the  complexity of the sentences that Sarah Palin used  
in her run for the vice-presidency.  

loops 

legs 



The LHC will be a very jetty place 
  Total cross sections for tT and 

Higgs production saturated by tT 
(Higgs) + jet production for jet pT 
values of order 10-20 GeV/c 

  σ W+3 jets > σ W+2 jets 

  indication that can expect interesting 
events at LHC to be very jetty 
(especially from gg initial states) 

  also can be understood from point-of-
view of Sudakov form factors 



6. IR-safe jet algorithms 
  Detailed understanding of jet 

algorithms will play an 
important role in the LHC era. 
Much progress has been 
made in the last several years 
concerning IR-safe jet 
algorithms. Studies and 
comparisons of different jet 
algorithms in the NLO context 
are highly welcome. Of 
particular interest is how the 
observables map from the 
parton level inherent in the 
pQCD approach to the 
particle/detector level. 



Jet algorithms 
  Most of the interesting physics 

signatures at the LHC involve jets in 
the final state 

  For some events, the jet structure is 
very clear and there’s little 
ambiguity about the assignment of 
towers/particles to the jet 

  But for other events, there is 
ambiguity and the jet algorithm 
must make decisions that impact 
precision measurements 

  There is the tendency to treat jet 
algorithms as one would electron or 
photon algorithms 

  There’s a much more dynamic 
structure in jet formation that is 
affected by the decisions made by 
the jet algorithms and which we can 
tap in 

  Analyses should be performed with 
multiple jet algorithms, if possible 

CDF Run II events 

SISCone, kT, anti-kT (my suggestions) 



Jet algorithms at NLO 
  Remember at LO, 1 parton = 1 jet 
  At NLO, there can be two (or 

more) partons in a jet and life 
becomes more interesting 

  Let’s set the pT of the second 
parton = z that of the first parton 
and let them be separated by a 
distance d (=ΔR) 

  Then in regions I and II (on the 
left), the two partons will be within 
Rcone of the jet centroid and so will 
be contained in the same jet 
◆  ~10% of the jet cross section 

is in Region II; this will 
decrease as the jet pT 
increases (and αs decreases) 

◆  at NLO the kT algorithm 
corresponds to Region I (for 
D=R); thus at parton level, the 
cone algorithm is always 
larger than the kT algorithm 

z=pT2/pT1

d

Are there subtleties being introduced by the 
more complex final states being calculated at NLO? 
in data (and Monte Carlo), jet reconstruction 
does introduce more subtleties. 



…from Kirill Melnikov talk 





Jets in real life 
  Jets don’t consist of 1 fermi partons 

but have a spatial distribution 
  Can approximate this as a 

Gaussian smearing of the spatial 
distribution of the parton energy 
◆  the effective sigma ranges 

between around 0.1 and 0.3 
depending on the parton type 
(quark or gluon) and on the 
parton pT 

  Note that because of the effects of 
smearing that 
◆  the midpoint solution is (almost 

always) lost 
▲  thus region II is effectively 

truncated to the area 
shown on the right 

◆  the solution corresponding to 
the lower energy parton can 
also be lost   

▲  resulting in dark towers 



Jets in real life 

  In NLO theory, can mimic the 
impact of the truncation of Region 
II by including a parameter called 
Rsep 
◆  only merge two partons if 

they are within Rsep*Rcone of 
each other 

▲  Rsep~1.3 
◆  ~4-5% effect on the theory 

cross section; effect is 
smaller with the use of pT 
rather than ET 

◆  really upsets the theorists 
(but there are also 
disadvantages) 

  Dark tower effect is also on order 
of few (<5)% effect on the 
(experimental) cross section 



W + 2 partons at LHC: parton/hadron/detector 
levels 

Simple parton level results not duplicated 
at either hadron level or detector level.  
Showers produced by widely separated 
partons tend to be reconstructed as  
separate jets.  

Jet cores have a finite size, so this must depend on 
the jet parameters, i.e. as Rcone->inf, we should 
recover the simple parton level behavior. 

Red~100% 
merging 
Green~50% 
Blue~10% 



ATLAS jet reconstruction 
  Using calibrated topoclusters, ATLAS has a chance to use jets in a 

dynamic manner  not possible in any previous hadron-hadron 
calorimeter, i.e. to examine the impact of multiple jet algorithms/
parameters/jet substructure on every data set  

similar to running 
at hadron level in  
Monte Carlos 



Some recommendations from jet paper 

 4-vector kinematics (pT,y and not ET,η) 
should be used to specify jets 

 Where possible, analyses should be 
performed with multiple jet algorithms 

 For cone algorithms, split/merge of 0.75 
preferred to 0.50 



Some references 
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